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Welcome Message
Dear colleagues,
we welcome you with pleasure on the 15th Internati onal Workshop on Targetry and Target Chemistry (WTTC15) in Prague, 
the city that has been for 1 100 years capital of the Czech kingdom, later Czechoslovakia and fi nally of the Czech Republic. 
Prague has always been an important crossing in the Middle Europe, and unti l the World War II, it had been smelti ng furnace 
of Czech, German and Jewish cultures for centuries. You can fi nd here footprints of many interesti ng personaliti es of European 
art and science, among them e.g. Tycho Brahe, Johannes Kepler or Albert Einstein.
The workshop is organized by the Nuclear Physics Insti tute of Academy of Sciences of the Czech Republic, public research 
insti tuti on, together with the Insti tute of Radiopharmaceuti cal Cancer Research of Helmholtz-Center Dresden-Rossendorf 
and in co-operati on with the Internati onal Atomic Energy Agency (IAEA) and the support of many private sponsors. It is rather 
symbolic that Czech and German research insti tuti ons joined now freely their powers in order to organize this event.
Both the Scienti fi c and Local Organizing Committ ees invested many eﬀ orts in order to arrange such a meeti ng that will keep 
traditi onally high professional level, but also rather informal atmosphere of the workshops. Oral and poster sessions are 
hopefully well balanced and refl ect well current trends in the fi eld. This ti me we observe again major stress on solid targets, 
probably due to the fact that the wide spectrum of non-conventi onal medical radionuclides is produced on solid targets 
and that high-current solid targetry has recently met new important challenges. We believe that the workshop schedule will 
provide enough ti me for discussions of the most interesti ng topics in detail.
We hope that the energy we invested in preparing the workshop will bring its fruits, and you will enjoy the WTTC15 
as an event properly uniti ng professional and human aspects. We would also like to thank all the people that contributed 
to the organizati on of the workshop, parti cularly to committ ees’ members, our sponsors and exhibitors, to all the parti cipants 
and also to the company Guarant Internati onal for professional services. 
Have a nice ti me on WTTC15 in Prague!
On behalf of the Scienti fi c and Local Organizing Committ ee,
 
Ondřej Lebeda Jörg Steinbach
chairman of the WTTC15 co-chairman of the WTTC15
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Development of Cyclotron Radionuclides for Medical Applications: From Fundamental 
Nuclear Data to Sophisticated Production Technology 
S.M. Qaim1 
 
Institut für Neurowissenschaften und Medizin, INM-5: Nuklearchemie, 
Forschungszentrum Jülich GmbH, 52425 Jülich, Germany 
 
 
Introduction and Historical 
Soon after the discovery of radioactivity it was 
shown that radionuclides can be used both for 
diagnostic and therapeutic studies, depending 
on the characteristic radiations emitted by 
them. By 1960’s the radionuclide production 
technology using nuclear reactors was well es-
tablished. In early 1970’s a renaissance of the 
cyclotrons occurred because many of the neu-
tron deficient radionuclides could only be pro-
duced using irradiations with charged particles, 
like protons, deuterons, α-particles, etc. Initially, 
interest was directed towards radioactive gases 
for inhalation studies and other radionuclides 
for scintigraphy. Later, with the advent of emis-
sion tomography, i.e. Single Photon Emission 
Computed Tomography (SPECT) and Positron 
Emission Tomography (PET), the emphasis shift-
ed to 123I and positron emitters [cf. 1–3], and 
tremendous progress ensued. In order to keep 
abreast of the fast developments, a Symposium 
was organized at the Brookhaven National La-
boratory (BNL), USA, in 1976, with the title “Ra-
diopharmaceutical Chemistry”. This became a 
biennial event, with alternate meetings in North 
America and Europe. It included all aspects of 
radionuclide and radiopharmaceutical research. 
About a decade later, however, it was realized 
that for discussion of technical aspects, a sepa-
rate forum would be more appropriate. A group 
of experts therefore convened the first Targetry 
Workshop in Heidelberg in 1985. Thereafter it 
was established as a recurring Workshop, with 
its scope enlargened to include also nuclear and 
radiochemical problems. Today, the major con-
ference on Radiopharmaceutical Sciences and 
the specialist International Workshop on Target-
ry and Target Chemistry are held in alternate 
years. The present Workshop is No. 15 in the 
series and it is being jointly held by the research 
groups in Dresden and Prague, both of which 
have a long tradition of cyclotron production of 
radionuclides. In this talk, some personal remi-
niscences and impressions of the historical de-
velopments in the field over the last 40 years 
will be briefly described.  
 
 
 
Development Steps 
The development of cyclotron radionuclides 
involves work in three major directions [cf. 4,5]: 
a) Nuclear data studies. 
b) High-current targetry. 
c) Chemical separations and quality  
assurance.  
A brief review of the developments and 
achievements in each direction is presented.  
 
Nuclear data studies 
An accurate knowledge of nuclear data is a pre-
requisite for developing a production route. 
Data measurements related to cyclotron radio-
nuclides are much more demanding than in the 
case of reactor produced radionuclides [cf. 6]. 
Extensive excitation function measurements 
using highly enriched target material and high-
resolution γ- or X-ray spectrometry are manda-
tory. Special attention needs to be paid to de-
termination of charged particle flux and energy 
degradation in the target constituents. To date 
both gaseous and solid targets have been used 
for nuclear reaction cross section measure-
ments. The techniques have reached a certain 
degree of perfection and, in recent years, the 
uncertainties in properly measured cross sec-
tions have been considerably reduced. A few 
typical examples of recent nuclear data meas-
urements will be shown [cf. 7]. Some attention 
has also been paid to standardization, evalua-
tion and validation of data for commonly used 
radionuclides through the use of nuclear model 
calculations, statistical fitting procedures and 
integral yield measurement [cf. 8,9]. The status 
of data will be discussed.  
 
High-current targetry 
Development of high-current targets has been 
one of the major challenges in large scale pro-
duction of cyclotron radionuclides. Often a nu-
clear reaction with a relatively low yield may be 
chosen for production, if targetry is easier. Since 
often enriched material is irradiated, economic 
considerations play an important role in target 
design and construction [cf. 10].  
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All three forms of materials, viz. solid, liquid and 
gas, have been finding application. Whereas in 
irradiation of gaseous and liquid targets a per-
pendicular collimated beam is used and the 
target is operated under high pressure to keep 
the change in the target density within con-
trolled limits, in case of solid targets a broad-
ened and wobbled slanting beam is often em-
ployed. An efficient heat transfer from the tar-
get is mandatory. In general, for the production 
of commonly used short-lived PET radionuclides 
(11C, 13N, 15O, 18F) at dedicated small-sized cyclo-
trons, gaseous or liquid targets are used. A 
spherical water target has proven to be very 
effective for large scale production of 18F, the 
most important PET-radionuclide. Also in the 
production of the SPECT-radionuclide 123I at a 
medium-sized cyclotron, high-class gas target 
technology is utilized. In most of the other cases, 
e.g. metallic SPECT, PET and therapeutic radio-
nuclides, both at small and medium-sized cyclo-
trons, solid targets are used. As a result of con-
stant developments [for review, cf. 4, 11], so-
phisticated target systems are now available. 
 
Chemical separations 
For separation of desired radionuclides from 
cyclotron irradiated targets, both dry and wet 
chemical processing methods have been at-
tempted [for review, cf. 4,5]. The dry distillation 
process may be optimized to obtain the purified 
radionuclide in a very small volume of the sol-
vent. A variation of the process, termed as 
thermochromatography, leads only to a removal 
of the desired activity from the strong matrix, 
which is generally followed by a more refined 
separation method. The wet chemical pro-
cessing, on the other hand, may involve all types 
of separation techniques, such as ion-
chromatography, solvent extraction, electrolysis, 
etc. Many of the techniques have been very well 
developed. Examples relevant to the production 
of a few novel radionuclides like 124I, 64Cu, 55Co, 
etc. will be given. Some special precautions 
needed to assure good specific activity will be 
discussed.  
 
Conclusions and Perspectives 
As a result of vast research and development 
work in all the areas discussed above, dispersed 
over a span of several decades, the radionuclide 
production technology at a cyclotron has now 
reached a level of high sophistication. The impe-
tus has also come through the development of 
dedicated high-powered cyclotrons and high-
resolution imaging devices. In the case of short-
lived positron emitters, for example, full produc-
tion units, consisting of a cyclotron, set of suita-
ble targets and apparatus for chemical separa-
tion and synthesis can be commercially ob-
tained. Yet it is vital that research and develop-
ment work continues. In particular, if the supply 
chain of some established radionuclides is jeop-
ardized, alternative routes of production need to 
be developed. 
The present emphasis with regard to cyclotron 
production of medical radionuclides is on longer 
lived positron emitters and highly-ionizing low-
range emitting therapeutic radionuclides. Some 
other emerging areas of interest [cf. 12] include 
a combination of PET and Magnetic Resonance 
Imaging (MRI) as well as of radioactivity and 
nanotechnology. The future perspectives of 
some radionuclides, potentially useful in those 
areas of applications, will be considered. The 
increasing significance of intermediate energy, 
multi-particle cyclotrons in production of some 
radionuclides will be outlined.  
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Introduction 
 
Measuring the beam profile on a medical cyclo-
tron in real time can aid in improved tuning of 
the cyclotron and give important information for 
a smooth operation. Typically the beam profile is 
measured by an autoradiography technique or 
even by a scintillator that can be viewed in real 
time [1, 2]. Another method is to use collimators 
in front of the target to assess the beam center-
ing [3]. All these methods have potential draw-
backs including; an inability to monitor the beam 
in real time for the radiograph, exhibiting a non-
linear correlation in signal response to the pow-
er deposited for a scintillator, and not providing 
a 2-dimensional profile of the complete beam 
for collimators. Our goal was to design a real-
time, linear, 2-dimensional beam-profile moni-
tor that is able to withstand the high power of a 
PET cyclotron. 
 
Material and Methods 
 
The beam-profile monitor (PM) is designed for 
the TR13, a 13MeV negative hydrogen-ion cyclo-
tron at TRIUMF. The design follows the concept 
of a ‘harp’ monitor, widely used at TRIUMF for 
tuning proton and radioactive ion beams, and is 
installed on the extraction port without separa-
tion from the tank vacuum. The TR13 monitor is 
designed to withstand a 13 MeV proton beam 
with a beam current of up to 25 µA, has an ac-
tive area of 10 by 10 mm and does not affect the 
10-7 torr tank vacuum. The device consists of a 
water-cooled Faraday cup made out of alumini-
um for low activation and two orthogonal rows 
of eight tungsten electrodes each mounted on a 
water-cooled support frame. Electrodes are 
spaced 1 mm apart from each other, see FIG. 1. 
The electrodes are electrically isolated from 
each other and each has a current pick-up sol-
dered to it. The material and the shape of the 
electrodes are optimized to withstand the de-
posited power of the proton beam. A voltage of 
-90 V is applied to the electrodes to repel sec-
ondary electrons and prevent cross-talk be-
tween neighbouring electrodes. The electrode 
current is amplified using a custom current am-
plifier, and read by an ADC. From there, the 
current data is displayed on a PC. This allows 
one to observe changes of the beam profile in 
real time. The electronics are designed to read 
out all sixteen channels in parallel, or, if only a 
limited number of ADC channels are available, to 
cycle through the different channels. In our 
current setup all sixteen channels are read out 
simultaneously. 
 
FIGURE 1: Cross-sectional view of the PM design. 
The proton beam intercepts the monitor blades 
as it enters the PM from the right. 
Results and Conclusion 
 
The beam-profile monitor provides a real-time 
representation of the proton beam, see FIG. 2. 
The data can also be recorded and analyzed at a 
later time. The linearity of the monitor has been 
measured up to 30 µA of proton beam current 
[4]. With the use of the monitor, it was possible 
to increase the output of the ion source into the 
target by 50% in comparison to the standard 
tune. 
 
FIGURE 2: Typical output of the beam-profile 
monitor. 
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Introduction  
The Los Alamos Isotope Production Facility (IPF) 
is actively engaged in the development of iso-
tope production technologies that can utilize its 
100 MeV proton beam. Characterization of the 
proton beam energy and current is vital for op-
timizing isotope production and accurately con-
ducting research at the IPF. 
 
Motivation 
In order to monitor beam intensity during re-
search irradiations, aluminum foils are inter-
spersed in experimental stacks. A theoretical 
yield of 22Na from 27Al(p,x)22Na reactions is cal-
culated using MCNP6 (Monte Carlo N-Particle), 
TRIM (Transport of Ions in Matter), and Ander-
sen & Ziegler (A&Z) [1] computational models. 
For some recent experiments, experimentally 
measured activities did not match computation-
al predictions. This discrepancy motivated fur-
ther experimental investigations including a 
direct time-of-flight measurement of the proton 
beam energy upstream of the target stack. The 
Isotope Production Program now tracks the 
beam energy and current by a complement of 
experimental and computational methods de-
scribed below. 
 
Material and Methods  
A stacked-foil activation technique, utilizing 
aluminum monitor foils [2] in conjunction with a 
direct time-of-flight measurement helps define 
the current and energy of the proton beam. 
Theoretical yields of 22Na activity generated in 
the Al monitor foils are compared with experi-
mental measurements. Additionally, MCNP, 
TRIM, and A&Z computational simulations are 
compared with one another and with experi-
mental data. 
 
Experimental Approach 
Thin foils (0.254mm) of high purity aluminum 
are encapsulated in kapton tape and stacked 
with Tb foils in between aluminum degraders. 
Following irradiation, the Al foils are assayed 
using γ-spectroscopy on calibrated HPGe detec-
tors in the Chemistry Division countroom at 
LANL. We use the well-characterized 
27Al(p,x)22Na energy dependent production cross 
section [3] to calculate a predicted yield of 22Na 
in each foil.  
 
FIGURE 1. Published cross section for 27Al(p,x)22Na in Al 
monitor foils, from [3] 
 
Details of the experimental activity determina-
tion and associated uncertainties have been 
addressed previously [4].  
 
 
FIGURE 2. Schematic of the stacked target used in 
experiment. Not shown, but accounted for in calcula-
tions are: the target holder, vacuum-isolation win-
dow, and cooling water upstream of the foil stack. 
 
The nominally stated beam parameters are 100 
MeV and 100–120 nA for the foil stack irradia-
tion experiments. Time-of-flight measurements 
performed in the month of January 2014 re-
vealed beam energy of 99.1 ± 0.5 MeV. 
 
Computational Simulations 
Andersen & Zeigler (A&Z) is a deterministic 
method and also the simplest of the three com-
putational methods considered. While the mean 
energy degradation can be calculated using the 
A&Z formalism, the beam current attenuation 
cannot. Consequentially, A&Z will also lack the 
ability to account for a broadening in the beam 
energy that a stochastic method affords. Addi-
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tionally, A&Z does not account for nuclear recoil 
or contributions from secondary interactions. 
 
TRIM uses a stochastic based method to calcu-
late the stopping range of incident particles 
applying Bethe-Block formalisms. TRIM, like 
A&Z, does not include contributions from nucle-
ar recoil or contributions from secondary inter-
actions. Computationally, TRIM is a very expen-
sive code to run. TRIM is able to calculate a 
broadening in the energy of the beam; however, 
beam attenuation predictions are much less 
reliable. TRIM determines the overall beam 
attenuation in the whole stack to be less than 
one percent, whereas 7–10 % is expected.  
 
MCNP6 is arguably the most sophisticated ap-
proach to modeling the physics of the experi-
ment. It also uses a stochastic procedure for 
calculation, adopting the Cascade-Exciton Model 
(CEM03) to track particles. The physics card is 
enabled in the MCNP input to track light ion 
recoils. Contributions from neutron and proton 
secondary particle interactions are included, 
although their contribution is minimal. For both 
MCNP and TRIM, the proton beam is simulated 
as a pencil beam. 
 
To find the current, an F4 volumetric tally of 
proton flux from MCNP simulation is matched to 
the experimental current for the first foil in the 
stack. Subsequent foil currents are calculated 
relative to the first foil based on MCNP predic-
tions for beam attenuation. The equation used 
for calculating the current from the experi-
mental activity is [5]: 
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where: 
)(Eiσ  is the cross section for the process, 
[mbarns] 
A  is the atomic mass of the target [amu] 
iN  is the is the number of product nuclei pre-
sent at End-of-Bombardment 
I  is the average beam current, [μA] 
ρ  is the density of the target material, [g/cc] 
x  is the target thickness, [cm] 
λ  is the decay constant, [s−1] 
t  is the irradiation time, [s] 
 
For each foil in the experimental stack, we also 
have a statistically driven broadening of the 
incident energy. The beam energy is modeled as 
a Gaussian distribution, with the tallies for each 
energy bin determining the parameters of the 
fit. TABLE 1 and FIG. 3 summarize the mean ener-
gy and standard deviation of the energy for each 
aluminum monitor foil. 
 
Mean Energy [MeV] (standard deviation) 
 
Foil 
Number 
MCNP TRIM A&Z 
1 89.5 (0.4) 89.4 (0.4) 89.4 
2 80.2 (0.6) 79.9 (0.6) 79.9 
3 70.8 (0.8) 70.3 (0.8) 70.2 
4 62.5 (0.9) 61.9 (0.9) 61.8 
5 53.5 (1.0) 52.6 (1.1) 52.4 
6 43.2 (1.3) 41.8 (1.3) 41.6 
TABLE 1. Energy distribution of Tb foil stack for 99.1 
MeV incident beam energy 
 
 
FIGURE 3. Energy distribution and simulation compari-
son for MCNP, TRIM, and A&Z Tb foil stack. Note the 
energy distribution is normalized to the individual foil, 
not between foils. 
 
To address the energy distribution, we calculate 
an effective or weighted cross-section. It is es-
pecially important to account for energy broad-
ening in regions where the associated excitation 
function varies rapidly. In the excitation function 
in FIG. 1, we see a strong variation in the energy 
range from 30–65 MeV, the energy region cov-
ered by the last 3 foils in the stack. Cross section 
weighting also accounts for the mean energy 
variation within each foil. 
 
The excitation function will overlay the Gaussian 
shaped flux distribution, giving rise to a lateral 
distribution where incrementally weighted val-
ues of the cross section are determined by the 
flux tally of the corresponding energy bin. 
 
With the effective cross section and the current 
at each of the foils, it is straight-forward to cal-
culate the number of 22Na atoms created and 
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the activity of each foil using the previously 
stated equation. 
 
Results and Conclusion  
The general trend in the amount of activity pro-
duced follows the shape of the excitation func-
tion for the 27Al(p,x)22Na reaction; compare 
FIG. 1 with FIG. 4. Small shifts in the incident 
energy upstream trickle down to produce much 
more pronounced shifts in the energy range of 
foils towards the back of the foil stack. The char-
acteristic “rolling over” of the activity seen in the 
experimental foils indicates that the 6th foil must 
be in the energy region below 45 MeV, where 
the peak of the excitation function occurs. 
 
 
FIGURE 4. Calculated vs. measured activity for Al moni-
tor foils 
 
Conservatively, computational simulations are 
able to accurately determine the proton beam’s 
energy for an energy range from 100 to 50 MeV. 
As the beam degrades below 50 MeV, computa-
tional simulations diverge from experimentally 
observed energies by over-predicting the ener-
gy. This observation has been noted in past 
studies [6,7] that compare the stacked foil tech-
nique with stopping-power based calculations. 
 
A complement of experimental and computa-
tional predictions allows for energy determina-
tions at several points within target stacks. 
While this study focuses on an Al-Tb foil stack, 
the analysis of a similar Al-Th foil stack resulted 
in the same conclusions.  
 
Although we do not have a concurrent time-of-
flight energy measurement at the time of the 
foil stack experiments, it is reasonable to as-
sume that the energy at the time of the stacked 
foil experiments was also lower than the as-
sumed energy of 100 MeV. Computational simu-
lations developed in this work firmly support this 
assumption. 
 
Various computational models are able to pre-
dict with good agreement the energy as a func-
tion of depth for complex foil stack geometries. 
Their predictions diverge as the beam energy 
distribution broadens and statistical uncertain-
ties propagate. A careful inspection of the codes 
reveals that these discrepancies likely originate 
from minute differences between the cross 
sections and stopping power tables that MCNP 
and TRIM/A&Z use respectively. 
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Introduction 
 
Monte-Carlo simulations can be used to assess 
isotope production on small medical cyclotrons. 
These simulations calculate the particle interac-
tions with electric and magnetic fields, as well as 
the nuclear reactions. The results can be used to 
predict both yields and isotopic contaminations 
and can aid in the optimum design of target 
material and target geometry [1,2]. 
FLUKA is a general-purpose tool widely used 
in many applications from accelerator shielding 
to target design, calorimetry, activation, dosime-
try, detector design, neutrino physics, or radio-
therapy [3,4]. In this work, we applied the Mon-
te-Carlo code FLUKA to determine the accuracy 
of predicting yields of various isotopes as com-
pared to experimental yields. 
 
Material and Methods 
 
The proton beam collimation system, as well as 
the liquid and solid target of the TR13 cyclotron 
at TRIUMF, has been modeled in FLUKA. The 
proton beam parameters were initially taken 
from the cyclotron design specifications and 
were optimized against experimental measure-
ments from the TR13. Data from irradiations of 
different targets and with different beam cur-
rents were collected in order to account for 
average behavior see FIG. 1. Yields for a pencil 
proton beam as well as a beam spread out in 
direction and energy have been calculated and 
have been compared to experimental results 
obtained with the TR13.  
 
FIGURE 1: Optimized proton beam propagation 
through the collimation system into the liquid target.  
 
Results and Conclusion 
 
The reactions listed in Table 1 were assessed. 
For most reactions a good agreement was found 
in the comparison between experimental and 
simulated saturation yield. Table 1 only shows 
the yields simulated with a proton beam with a 
spread in both direction and energy. In most 
cases, the simulated yield is slightly larger or 
comparable. Only the calculated yield for 55Co 
was significantly lower by a factor of 4.2. This is 
still a good agreement considering that FLUKA 
was originally a high-energy physics code. It may 
indicate that the FLUKA internal cross-section 
calculation for this isotope production needs 
some optimization. In summary, we conclude 
that FLUKA can be used as a tool for the predic-
tion of isotope production as well as for target 
design. 
 
reaction Yexp (MBq/µA) 
YFLUKA 
(MBq/µA)  
Yexp/ 
YFLUKA 
natMo(p,x)94Tc 50±6 60.2±0.2 0.8 
natY(p,x)89Zr 346±2 238.4±0.4 1.5 
natSr(p,x)86Y 36±1 26.0±0.1 1.4 
natZn(p,x)68Ga 138±2 112.6±0.3 1.2 
natZn(p,x)61Cu 130±20 322.2±0.4 0.4 
natFe(p,x)56Co 1400±200 792.4±0.7 1.8 
natNi(p,x)55Co 180±20 42.7±0.2 4.2 
natCr(p,x)52Mn 880±100 3292±1 0.3 
natCa(p,x)44Sc 4.9±0.3 9.20±0.08 0.5 
18O(p,n)18F 4930±60 6493±2 0.8 
natO(p,x)13N 259±3 1237.2±0.9 0.2 
TABLE 1. Measured (Yexp) and simulated (YFLUKA) 
saturation yields at a proton energy of 13 MeV. 
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Introduction 
Cyclotron production of 99mTc through the 
100Mo(p,2n)99mTc reaction1 is being actively in-
vestigated as an alternative to reactor-based 
approaches. A challenge facing cyclotron pro-
duction of clinical-quality 99mTc is that proton 
bombardment of Mo targets results in produc-
tion of a number of additional Tc and non-Tc 
isotopes through various reaction channels.2,3 
While non-Tc products can be chemically re-
moved, other Tc radioisotopes cannot and will 
therefore degrade radionuclidic purity and con-
tribute to patient radiation dose.5 
The radionuclidic purity of cyclotron-produced 
99mTc depends on the nuclear cross section gov-
erning each reaction channel, the proton current 
and energy distribution, duration of bombard-
ment, target thickness and isotopic composition. 
Although conditions that minimize dose from 
radioactive Tc impurities have been identified,5 
cyclotron performance and thus irradiation con-
ditions may randomly fluctuate between and/or 
during production runs. Fluctuations of certain 
parameters, for example the total number of 
bombarding protons, are expected to have little 
influence on radionuclidic purity, whereas fluc-
tuations in beam energy, target thickness and 
isotopic composition may dramatically affect the 
relative amounts of 93gTc, 94gTc, 95gTc, and 96gTc 
impurities. It is critical to quantify relationships 
between potential fluctuations and the repro-
ducibility and consistency of the radionuclidic 
purity of cyclotron-produced 99mTc to guide 
development and optimization of target prepa-
ration, irradiation, and processing techniques. 
The purpose of this work is to present a mathe-
matical formalism for quantifying the relation-
ship between random fluctuations in Mo target 
thickness and variability of proton-induced nu-
clear reaction rates for enriched Mo targets. In 
this study, we use 96gTc as an example of impuri-
ty which can potentially contribute to increased 
patient dose for patients injected with cyclo-
tron-produced 99mTc.4 Herein, we apply the de-
veloped formalism to both the 96Mo(p,n)96gTc 
and the 100Mo(p,2n)99mTc reaction channels, 
however, the same approach can be applied to 
any reaction channel of interest. 
Material and Methods 
We treat reaction parameters, including target 
thickness and number of bombarding protons, 
as random variables (RVs), denoted 𝑥�, and de-
scribe them in terms of their expected values, 
standard deviations, and probability density 
functions (PDFs), denoted ?̅?, Var(𝑥�), and 𝑝𝑥(𝑥), 
respectively. 
We let 𝑁�𝑋𝑌 and 𝑅�𝑋𝑌(𝑡, 𝐫) represent the total 
number of proton-induced nuclear reactions and 
reaction rate density [s-1cm-2] for the X(p,y)Y 
reaction where 𝐫 is a two-dimensional (2D) vec-
tor representing position in the target plane and 
𝑡 represents time (𝑡 = 0 indicates the beginning 
of irradiation). 𝑅�𝑋𝑌(𝑡, 𝐫) represents the number 
of nuclear reactions per unit time per unit area 
integrated over the target thickness and is relat-
ed to 𝑁�𝑋𝑌 through the following expression: 
𝑁�𝑋
𝑌 = � �𝑅�𝑋𝑌(𝑡, 𝐫)d2𝐫
𝑎
d𝑡ΔEOB
0
  (1) 
where ∫ d𝑡ΔEOB0  denotes a time integral from 
𝑡 = 0 to ΔEOB [s] which represents the duration 
of bombardment and ∫ d2𝐫𝑎  represents a 2D 
integral over target area 𝑎. Since 𝑅�𝑋𝑌(𝑡, 𝐫) de-
scribes the stochastic rate of nuclear reactions, 
it can be represented as a stochastic point pro-
cess5 and mathematically expressed as a series 
of Dirac delta functions: 
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𝑅�𝑋
𝑌(𝑡, 𝐫) = �𝛼�𝑖𝛿(𝑡 − ?̃?𝑖)𝛿(𝐫 − 𝐫�𝑖)𝑁�𝑝
𝑖=1
 (2) 
where ?̃?𝑖  and 𝐫�𝑖  represent the time and position 
of the 𝑖th X(p,y)Y reaction, 𝑁�𝑝 represents the 
total number of bombarding protons, and 𝛼�𝑖  is a 
RV that takes on values of either 1 or 0 with 
probabilities 𝑃�(𝐫) and 1 − 𝑃�(𝐫), respectively. 
The quantity 𝑃�(𝐫) describes the probability that 
a proton undergoes a nuclear reaction during 
𝑡 + 𝑑𝑡 inlocation 𝐫 + d𝐫. Assuming the number 
of protons completely stopped by the beam is 
negligible, and ignoring lateral scatter of pro-
tons, 𝑃�(𝐫) is given by 
𝑃�(𝐫) = 𝑛𝑋 � 𝜎�𝑋𝑌�𝐸�(𝑧)�d𝑧𝐿�(𝐫)
0
 (3) 
where 𝐿�(𝐫) [g cm-2] represents the target thick-
ness at position 𝐫, 𝑛𝑋 [g
−1] represents the num-
ber of target nuclei of type 𝑋 per unit mass, and 
𝜎𝑋
𝑌(𝐸�(𝑧)) [cm2] represents the cross section for 
the X(p,y)Y reaction for proton energy 𝐸, which 
is a RV due to energy straggling,7 at depth 𝑧. In 
the following sections we describe how to use 
Eqs. (2) and (3) to derive expressions for the 
expected value and standard deviation of 𝑁�𝑋𝑌. 
Expected number of nuclear reactions. 
The expected number of nuclear reactions can 
be obtained by first averaging Eq. (2) over all 
possible values of ?̃?𝑖, 𝐫�𝑖, 𝑁�𝑝, 𝛼�𝑖, and 𝐿�(𝐫) and 
then integrating over 𝑡 and 𝐫.5 Assuming small 
fluctuations of 𝐿�(𝐫) about 𝐿�(𝐫), and that the 
average proton current is uniform in time and 
over the target area gives 
𝑅�𝑋
𝑌(𝑡, 𝐫)
≈ (6.24 × 1012)𝑛𝑋𝐼0
𝑎
� 𝜎�𝑋
𝑌(𝑧)d𝑧𝐿�(𝐫)
0
  (4) 
where 𝐼0 [µA] represents the proton current 
incident on the target surface, 6.24 × 1012 
[s−1µA−1] is the number of protons per unit time 
per unit current, and 𝜎�𝑋𝑌(𝑧) represents the cross 
section averaged over all possible energies of 
protons at depth 𝑧. The total number of nuclear 
reactions is then given by 
𝑁�𝑋
𝑌 = (6.24 × 1012)𝑛𝑋𝐼0𝑡EOB𝛾1  (5) 
where 
𝛾1 = 1𝑎� �  𝜎�𝑋𝑌(𝑧)d𝑧𝐿�(𝐫)0 d2𝐫𝑎  . (6) 
Equation (5) represents the average number of 
nuclear reactions and is similar to commonly-
reported expressions with the generalization to 
spatially-varying target thickness. 
Variance of the number of nuclear reactions 
Using previously-described assumptions, the 
variance of  𝑁�𝑋𝑌 is expressed as Var�𝑁�𝑋𝑌� = 𝑁�𝑋𝑌 + (𝑁�𝑋𝑌)2[𝜎�𝑋𝑌(𝐿�)]2Var�𝐿�� 𝛾2𝛾12 (7) 
where 
𝛾2 = 1𝑎2Var�𝐿��� �𝐾𝐿(𝐫, 𝐫′)d2𝐫𝑎 d2𝐫𝑎  (8) 
where 𝐾𝐿(𝐫, 𝐫′) represents the auto-covariance 
function5 of the target thickness which quanti-
fies the covariance between target thicknesses 
at 𝐫 and 𝐫′ and is equal to Var�𝐿�� for 𝐫 = 𝐫′. 
The first term in Eq. (7) is a result of the stochas-
tic nature of nuclear reaction processes and the 
second term is a new result of our derivation 
demonstrating that thickness fluctuations may 
degrade production reproducibility when the 
reaction cross section for protons exiting the 
target is high. In the following section we de-
scribe a mathematical model for thickness fluc-
tuations investigated in this study. 
Statistical target model. In this first effort to 
quantify the relationship between target thick-
ness fluctuations and 99mTc yield reproducibility, 
we model random thickness fluctuations using a 
“lumpy-target” model which assumes that en-
riched Mo targets are a superposition of Gaussi-
an “lumps:” 
𝐿�(𝐫) = 𝐿� + �𝛽�𝑖ℎ𝐿 exp �− |𝐫 − 𝐫�𝑖|2𝜈𝐿2 �𝐾�𝑖=1  (9) 
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where  𝐾� represents the total number of 
“lumps”, 𝜈𝐿  [cm], 𝐫�𝑖  and 𝛽�𝑖  represent the exp−1 
width, location, and sign of each “lump,” and ℎ𝐿 
[g cm−2] represents the height of each “lump.” 
Small 𝜈𝐿  values correspond to high-frequency 
fluctuations and large 𝜈𝐿  values correspond to 
low-frequency fluctuations, as illustrated in FIG. 
1. The variance and auto-covariance of  𝐿�(𝐫) are 
then given by7 Var�𝐿�� = 𝐾�2𝑎 ℎ𝐿2𝜋𝜈𝐿2 (10) 
and 
𝐾𝐿(𝐫, 𝐫′) = Var�𝐿�� exp �− |𝐫 − 𝐫′|22𝜈𝐿2 � (11) 
respectively. 
Application to 100Mo(p,2n)99mTc and 
96Mo(p,n)96gTc reactions 
We apply the above formalism to 
100Mo(p,2n)99mTc and 96Mo(p,n)96gTc reactions. 
For all calculations we use theoretical cross 
sections (FIG. 2) calculated using the EMPIRE-38 
simulation package. Reaction variability is quan-
tified in terms of the coefficient of variation 
(COV) of  𝑁�𝑋𝑌: 
COV�𝑁�𝑋𝑌� = �Var�𝑁�𝑋𝑌�(𝑁�𝑋𝑌)2  (12) 
where  𝑁�𝑋𝑌 and Var�𝑁�𝑋𝑌� are given by Eqs. (5) 
and (7), respectively.  
Monte Carlo simulation. Monte Carlo simula-
tions were performed to compare with theoreti-
cal predictions. Targets were simulated with 
areas of 4 cm2 discretized into 100×100 ele-
ments. Thickness profiles were generated ac-
cording to Eq. (9). Element size in the z direction 
(Δ𝑧) was set to  𝐿�/50. The following steps were 
performed for each 2D target element: 
1. Determine the number of bombarding pro-
tons by sampling a Poisson distribution with 
mean value determined by proton current 
and duration of bombardment. 
2. For each proton, determine if a nuclear reac-
tion occurs in the first layer by sampling the 
Bernoulli distribution with probability of suc-
cess given by 𝜎𝑌𝑌�𝐸��𝑛𝑋Δ𝑧. 
3. Determine energy loss in the first layer by 
sampling a Gaussian distribution with mean 
value determined from the stopping power, 
and standard deviation given by the Bohr 
straggling theory. (See reference 7.) 
4. Iterate steps 2 and 3 for each target layer 
and increment a counter for each nuclear re-
action. 
FIGURE 1. Examples of target thickness profiles simulated using the statistical model described 
by Eq. (9). The quanties 𝝂𝑳 and 𝝈𝑳 = �𝐕𝐕𝐫(𝑳) represent the width of each Gaussian “lump” 
and standard deviation of target thickness. 
28
1Corresponding author; E-mail: jessetan@mail.ubc.ca 
These calculations were performed for 1000 
randomly-generated targets and 105 bombard-
ing protons per target for each set of target and 
irradiation conditions considered. 
Results and Conclusion 
FIGURES 3 and 4 illustrate the dependence of the 
COV of the number of 100Mo(p,2n)99mTc and 
96Mo(p,n)96gTc reactions, respectively, on the 
height, width, and number of target “lumps” for 
20-MeV bombarding protons, 300-µA proton 
current, 3-h irraditiation time, and selected 
exiting proton energies. 
Low- versus high-frequency fluctuations. Each 
column of Fig. 3 and 4 corresponds to a target 
with a particular “lump” width 𝜈𝐿  expressed as a 
fraction of target width 𝑎𝑥. In general, low-
frequency fluctuations (ie. 𝜈𝐿 = 𝑎𝑥/2) result in 
higher COV values than high-frequency fluctua-
tions (ie. 𝜈𝐿 = 𝑎𝑥/8) of the same height. This is 
because low-frequency fluctuations result in a 
larger fraction of the target with thickness 
greater than or less than the average target 
thickness. Furthermore, this fraction may 
change substantially from one target to the next. 
Dependence of the COV on exiting proton ener-
gy. Rows of FIG. 3 and 4 correspond to particular 
exiting proton energies. In the case of the low-
frequency fluctuations, the COV of the number 
of 100Mo(p,2n)99mTc reactions increases by ~25% 
when the average exiting proton energy in-
creases from 10 MeV to 14 MeV. This is because 
the cross section for the 100Mo(p,2n)99mTc reac-
tion is greater for 14-MeV protons than for 10-
MeV protons, resulting in larger fluctuations in 
the number of reactions for a given thickness 
fluctuation. The same trend is true for high-
frequency fluctuations although to a lesser ex-
tent. For the same reasons, COV for the 
96Mo(p,n)96gTc reaction is greatest when the 
exiting proton energy is equal to 12 MeV. 
Comparison with Monte Carlo. FIGURE 5 illus-
trates excellent agreement between Monte 
Carlo calculations and the predictions of Eqs. (5) 
to (8). This indicates that, given knowledge of 
how the target thickness fluctuates, the devel-
oped formalism can be used to accurately pre-
dict the resulting reaction-rate variability. The 
vertical offset in FIG. 5 is the result of the first 
term in Eq. (7) being non-negligible due to the 
low number of bombarding protons (105) used 
for the Monte Carlo calculations. 
Summary. We have developed a technique for 
quantifying relationships between random spa-
tial fluctuations in the thickness of enriched Mo 
targets and the variance of the number of pro-
duced nuclei. Results of our analysis indicate 
that large fluctuations in target thickness will 
result in variability in the relative amounts of 
99mTc and impurities. In particular, for 20-MeV 
protons, requiring < 20 % variability necessitate 
that low-frequency thickness fluctuations do not 
exceed 50% of the average target thickness.  
The methodology described herein can be ap-
plied to experimentally-determined target 
thickness profiles and extended to include decay 
of reaction products and contributions from 
many reaction channels with the goal of estimat-
ing the reproducibility of the radionuclidic purity 
of cyclotron-produced 99mTc. This type of analy-
sis will aid in defining target manufacturing qual-
ity-control criteria (in addition to other cyclotron 
parameters) to limit potential patient radiation 
dose from Tc impurities. 
FIGURE 2. Theoretical cross sections for 
100Mo(p,2n)99mTc and 96Mo(p,n)96gTc reactions. 
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FIGURE 3. Dependence of the coefficient of variation of the number of 
100Mo(p,2n)99mTc reactions on target thickness variability for 20-MeV bombarding 
protons. The quantities 𝝂𝑳, 𝒉𝑳, and 𝑲 are measures of target non-uniformity and 
represent the width, height, and number of lumps per unit area. 
FIGURE 4. Dependence of the coefficient of variation of the number of 96Mo(p,n)96gTc 
reactions on target thickness variability. Reaction parameters are the same as those   
indicated in FIG. 3. 
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Introduction  
Combined thermal and fluid modeling is 
useful for design and optimization of cyclotron 
water targets.  Previous heat transfer models 
assumed either a distribution of void under 
saturation conditions [1] or a static volumetric 
heat distribution [2].  This work explores the 
coupling of Monte Carlo radiation transport and 
Computation Fluid Dynamics (CFD) software in a 
computational model of the BTI Targetry visuali-
zation target [3]. 
In a batch water target, as the target 
medium is heated by energy deposition from the 
proton beam, a non-uniform density distribution 
develops.  Production target operation is ulti-
mately limited by the range thickness of the 
target under conditions of reduced water densi-
ty.  Since proton range is a function of target 
density, the system model must include the 
corresponding change in the volumetric heat 
distribution.  As an initial attempt to couple the 
radiation transport and fluid dynamics calcula-
tions, the scope of this work was limited to sub-
cooled target conditions. With the increasing 
availability of multi-phase CFD capabilities, this 
work provides the basis for extending these 
calculations to boiling targets where the cou-
pling of the radiation transport and fluid dynam-
ics is expected to be much stronger.  
 
Material and Methods  
The Monte Carlo radiation transport 
code MCNPX was used to create energy deposi-
tion data tallies from proton interaction with the 
target water and beam window.  The beam was 
modeled as a Gaussian distribution with 50% 
transmission through a 10 mm diameter collima-
tor.  The energy deposition tally was translated 
into a 3-dimensional, point-wise heat generation 
table and supplied as an input to the CFD code 
ANSYS CFX. 
An iterative method was developed to 
couple the volumetric heat distribution from 
MCNPX to the fluid density distribution comput-
ed within ANSYS CFX.  A 3-dimensional table of 
water density was exported from ANSYS CFX and 
imported into MCNPX.  MCNPX was then used to 
calculate the heat generation rate (due to pro-
ton interactions) based on the assumed density 
profile.  Applying the new heat generation pro-
file to the ANSYS CFX model resulted in changes 
to the beam shape and penetration depth.  The 
iterative scheme continued until converged 
values for density and heat generation rate were 
achieved. 
 
 
FIGURE 1. Iterative scheme flow chart 
 
Monte Carlo methods are computa-
tionally expensive due to the large number of 
particle histories needed to generate accurate 
results.  CFD simulations are also computational-
ly expensive due to the large number of mesh 
elements needed.  Optimization methods were 
used for both MCNPX and ANSYS CFX to result in 
achievable solution times and memory require-
ments.  Local mesh refinement in the beam 
strike area was necessary for convergence. This 
was achieved by extending the boundary layer 
of the mesh within the target water domain 
deeper into the fluid.  This allowed for better 
resolution within the beam strike area without 
significantly increasing the expense in the re-
mainder of the fluid domain.   
Additionally, direct simulation of the 
cooling water domain was decoupled from the 
computational model during the iterative pro-
cess.  Heat transfer coefficients from the first 
iteration were applied as a boundary condition 
for subsequent iterations. Once the beam and 
density distributions reached convergence, the 
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beam data was applied to a high fidelity “full” 
model, which included the cooling water domain 
as well as increased particle histories in MCNPX. 
 
Results and Conclusions 
The target was initially modeled assum-
ing a 10 μA beam of 18 MeV protons into uni-
form density target water with operating pres-
sure of 400 psi.  These conditions resulted in 
predicted maximum temperatures below the 
saturation temperature.   
The final converged beam data was 
compared to the original (uniform density) beam 
data.  As expected, the density-dependent beam 
penetrates farther into the target water than 
when a uniform density is assumed. The density-
dependent beam has a broader Bragg peak re-
gion with a lower maximum heat generation 
rate than the original beam.  A line plot of the 
volumetric heat generation rate through the 
center of the beam is shown in Figure 2.   
 
 
FIGURE 2. Relative intensity of centerline for 
original and converged beams 
 
Even though the maximum volumetric heat 
generation rate was lower, the density-
dependent beam resulted in a higher maximum 
fluid temperature.  
 
TABLE 1. Summary of converged target results 
  Original Iterated 
Beam Range (mm) 3.10 4.05 
Max Q''' (W m-3) 1.73E+09 1.38E+09 
Max. Temp. (°F) 362.77 383.34 
 
Experiments were performed with the 
visualization target on an IBA 18/9 cyclotron, 
and video was recorded for a range of target 
operating conditions.  Analysis of the video re-
cordings from the experiment gives a peak fluid 
velocity in the target chamber of roughly 5-10 
centimeters per second with a 10 µA beam cur-
rent.  The velocities predicted by the CFD model 
are within the same range.  There is also good 
agreement between proton beam range be-
tween the experiment and model. The effective 
proton range can be seen in Figures 3 and 4.  
 
 
FIGURE 3. Experiment with subcooled conditions 
 
 
FIGURE 4. Converged heat input from CFD model 
 
Future work will include applying the 
coupling technique for two-phase boiling condi-
tions and to gas targets.  If successful, this 
method should be a powerful tool for design and 
optimization of liquid and gas targets. 
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Introduction 
  
Temperature  modeling  using  Finite  Element 
Analysis  (FEA)  is widely used by particle beam‐
line designers as a  tool  to determine  the  ther‐
mal performance of an irradiated target system. 
A  comparison  study  was  performed  between 
FEA  calculated  temperatures on platinum with 
experimental results using direct thermocouple 
measurements.  The  aims  were  to  determine 
the  best  beam  model  for  future  solid  target 
design, determine the maximum target current 
for different target materials and the tempera‐
ture tolerance for any modification to our exist‐
ing solid targetry system.  
  Analysis of the beam spot size and the 
divergence  along  the  beam  line  were  per‐
formed by  irradiating glass plates with  the pri‐
mary  beam  at  low  target  currents.  The  irradi‐
ated plates were analyzed using image process‐
ing software to determine the diameter and the 
stopping  range  inside  the material.  The  diver‐
gence  of  the  beam  after  it  has  left  the  con‐
straint of the cyclotron magnetic field was esti‐
mated  from  the differences  in  transaxial beam 
profiles at opposite ends of the beam  line. The 
measured  range  inside  the  glass  plates  was 
compared  to  SRIM3  to  determine  qualitatively 
the  validity  of  estimating  cyclotron  primary 
beam energy with glass plate irradiation.    
 
Materials and Methods  
 
The  theoretical  temperature of  the  target  sys‐
tem  was  determined  using  SolidWorks  2013 
with  Flow  Simulation  Analysis  (FSA)  module. 
 
 
 
 
 
 
 
 
 
rial  into  five  individual  layers, each  layer being 
50 m thick.  
The  energy  lost  per  layer  was  calcu‐
lated using SRIM3 and converted into the power 
loss per  layer  (Table 1). As  calculated,  a  thick‐
ness  of  250  m  of  platinum  completely  stops 
the  impinging  proton  beam  at  11.5 MeV with 
the highest deposition of power per layer corre‐
sponding to the Bragg peak.   
 TABLE  1.  Power  dissipated  per  layer  based  on 
the  beam  energy  lost  for  different  target  cur‐
rents as calculated by SRIM. 
 
The target material used in the simula‐
tion  reflects  the  physical  target  disk  used  for 
temperature  measurements  (platinum,  dia. 
25.0 mm,  thickness  2.0 mm) with  two  K‐type 
thermocouples  (dia.  0.5  mm,  stainless  steel 
sheath)  embedded  inside  the  platinum  disk. 
One  thermocouple  is  located  in  the  geometric 
center,  while  the  other  is  located  at  a  radial 
position 8mm  from  center. The outer  thermo‐
couple  is to determine the peripheral tempera‐
ture  near  the  o‐ring  seal.  Temperature  was 
maintained  below  the  melting  point  for  the 
Viton®  o‐ring  (220°C)  during  the  irradiation  to 
ensure  the  integrity  of  the water  cooling  sys‐
tem.  
The  solid  targetry  system  used  in  this 
study is an in‐house built, significantly modified 
version2 (Fig. 1) of a published design1.  
 
 
 
 
 
FIGURE 1. Schematic of the Solid Target (a) 10 
mm collimator with degrader (b) Viton O‐ring 
(c) Target material (d) Adjustable water jet (e) 
8mm ID water inlet line. 
The  FSA  module  determines  the  maximum
temperature  inside  the  target  material  given
the  global  conditions  (material  specification,
flow rates, boundary conditions, etc) for a given
target current. The proton beam was modeled
as  a  volumetric  heat  source  inside  the  target
material  based  on  the  distribution  of  energy
loss  in  the material  along  the  beam  axis.  The
method used by Čomor, et al1 was used  in this
study. The method segmented the target mate‐
 
 
 
 
 
 
Power (W) 
Per Layer 
Target 
Current 
(µA)  1 2 3 4 
Total 
Power 
(W) 5 
10  18.4  21.1  25.7  40.4  9.41  115 
20  36.8  42.2  51.4  80.8  18.8  230 
30  55.2  63.3  77.1  121.2  28.2  345 
40  73.6  84.4  102.8  161.6  37.6  460 
50  92.0  105.5  128.5  201.9  47.0  575 
(b) 
(e) 
(a) 
 H
+  
(d) 
(c) 
1Sun Chan, E‐mail: sun.chan@health.wa.gov.au 
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 The solid target system is mounted on‐
to  an  18/18  MeV  IBA  Cyclotron  (dual  H‐  ion 
source) on the end of a 300 mm beam‐line with 
no internal optics or steering magnets. A graph‐
ite  collimator  reduces  the  beam  to  10 mm  in 
diameter and a degrader  is used to reduce the 
proton  beam  energy  to  11.5 MeV,  considered 
suitable  for  production  of  radiometal  PET  iso‐
topes 89Zr and 64Cu.  
Temperature was measured with  and 
without the 300 mm beam‐line to compare the 
effects of beam divergence on  the  solid  target 
system  (Fig. 2 and 3).   The  temperature at  the 
center and at  the  radial position was  recorded 
  
 
 
 
 
FIGURE 2. Solid Target attached to Beam‐line. 
 
 
 
 
 
 
 
 
 
 
FIGURE 3. Solid Target with no Beam‐line. 
 
The  experiment  was  conducted  using 
both H‐  ion sources with different  ion‐to‐puller 
extraction  gaps  (ion  source  1  is  1.55 mm;  ion 
source 2 is 1.90 mm). The setting of the ion‐to‐
puller gap changes  the  focusing of  the acceler‐
ated beam inside the cyclotron cavity.  
The  cyclotron  beam  profile  as  extin‐
guished  in  a  target  in  three  dimensions  was 
measured by placing a square glass plate  (80 x 
80  x  10  mm)  on  a  custom  designed  target 
adapter with no collimator or vacuum window.  
The main body of  the adapter  is water  cooled 
(18°C, 14 L/min), while no water cooling  is ap‐
plied  to  the  glass  plate  itself.  The  beam  was 
aligned  using  the  platinum  disk  with  the  two 
embedded  thermocouples.  The  glass  plates 
were  irradiated  at  low  beam  current  approxi‐
mately 10 A  for 8  seconds on  the end of  the 
beam‐line  and  directly  on  the  exit  port,  see 
figure 4 and figure 5 below.  
 
FIGURE 4. Glass plate mounted on Beam‐line. 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 5. Glass plate mounted on exit port. 
 
During  the  irradiation  the exposure of 
the beam onto the glass plate is monitored via a 
CCD camera located inside the cyclotron bunker 
(Fig. 6). Care was taken not to over expose the 
glass plates to the primary beam to avoid shat‐
tering the glass resulting in the loss of cyclotron 
vacuum.  The  dose  rate  of  the  irradiated  glass 
plates  was  measured  immediately  after  bom‐
bardment and 1 hour post irradiation.   
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 6. View of the solid target from the CCD 
camera during irradiation. 
 
The  irradiated  glass  plates  were 
scanned on a HP Scanjet 5590 flat bed scanner 
at 1200 dpi and  the  images were manipulated 
using  image processing software  (ImageJ 1.48v 
National  institute  of  Health,  USA).  A  standard 
edge  detection  method  and  scaling  were  ap‐
plied  to  images. A multipoint  circle  fitting  tool 
was used  to determine  the beam diameter by 
spatially  locating  points  along  the  beam  edge.  
 
 
 
 
 
 
 
 
 
for a range of target currents, 10‐50 A.
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The pixel  intensity defining the beam edge was 
chosen  from  a  series  of  profile  lines  drawn 
across  the  boundary.  The  average  half  max 
value was determined  to be  the pixel  intensity 
indicative of the beam edge.   
A  side  profile  view  of  the  irradiated 
glass plates was analysied using the same image 
processing software  to determine  the stopping 
range of the beam  inside the material. Calcula‐
tions  in SRIM3  for various beam energies were 
aligned with the measured depths for the glass 
plates.  The  estimated  energy  of  the  primary 
beam was  also  compared  to  the published  re‐
sult by Burrage et al4.    
 
Results and Discussion  
 
 The segmented beam model was used to calcu‐
late the temperature on the target surface, and 
the maximum temperature of the bulk material. 
The first segment is the leading segment of the 
material  irradiated  by  the  incident  proton 
beam. The results are shown in Table 2 below. 
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FEA Model Calculated Temperature (°C) 
Bulk Material  8mm Radial Surfaces Target Current 
(µA)  Max.   Center  Front 
Surface 
Back 
Surface 
10  66  59  27  24 
20  110  97  35  29 
30  153  132  42  33 
40  193  165  49  37 
50  233  198  56  41 
TABLE  2.  Maximum  and  central  temperatures 
inside  the bulk material and at  the  radial posi‐
tion on  the  front  and back  surfaces using  seg‐
mented beam model.  
 
The  temperature  measured  experi‐
ments  on  the  end  of  a  300 mm  beam‐line  is 
shown in Table 3 below. 
 
Measured Temperature (°C) 
Ion Source 1  Ion Source 2 Target Current 
(µA)  Center  8mm 
Radial 
Center  8mm 
Radial 
10  84  36  75  34 
20  148  48  129  46 
30  206  61  180  60 
40  278  78  235  73 
50  344  93  300  88 
TABLE 3. Temperature comparison between  Ion 
sources 1  and 2 with  target  at  the  end of  the 
beam‐line. 
 
The  difference  in  temperature  be‐
tween ion source 1 and 2 varies from 11°C at 10 
A  to 44°C at 50 A. A smaller variation  is ob‐
served on the radial position, 2 to 15°C for tar‐
get current 10 to 50 A. A smaller ion‐to‐puller 
extraction  distance  (ion  source  1)  reduces  the 
cross‐sectional  area  of  the  accelerated  beam; 
the  consequent  change  in beam  profile  (local‐
ized intensity) increases the temperature inside 
the bulk material for a fixed target current. The 
highest observed  radial  temperature was 93°C 
with a target current of 50 A using  ion source 
1. This  is well below  the melting point  for  the 
Viton o‐ring seal.  
 The  temperature  measured  experi‐
mentally using the same platinum disk with the 
beam‐line  removed  is shown  in Table 4 below. 
A  maximum  temperature  difference  of  10°C 
was  measured  at  the  center  of  the  platinum 
material between  ion source 1 and 2 when the 
target  is  placed  at  the  exit  port  without  the 
beam‐line.  While  the  maximum  variation  be‐
tween  the  ion sources on  the  radial position  is 
approximately 3°C.  
TABLE 4. Temperature comparison between  Ion 
source 1 and 2 with target at the exit port. 
 
A  comparison  between  the  calculated 
theoretical  and  measured  temperatures  is 
shown  in  figures  7  to  10.    The  temperatures 
calculated by the FEA model underestimate the 
temperature  regardless  of  target  position  or 
choice of ion source. 
 
FIGURE 7. Comparison between  FEA model  and 
experimental results  for  the center position on 
the target attached to the beam‐line.   
Measured Temperature (°C) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ion Source 1  Ion Source 2 Target Current 
(µA)  Center  8mm 
Radial 
Center  8mm 
Radial 
10  68  33  67  33 
20  120  43  113  42 
30  167  53  156  52 
40  211  71  205  68 
50  255  89  247  89 
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The  temperature  difference  between 
the  FEA  model  and  the  experimental  results 
increases with  increasing  target  currents,  (Fig. 
7). At the target center the FEA model underes‐
timated  the  temperature  by  111°C  for  ion 
source 1 and 100°C for ion source 2 at 50A.  
With  the  target  mounted  at  the  exit 
port the theoretical and measured temperature 
for the center of the platinum disk  is shown  in 
Figure 8 below.  
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FIGURE 8. Comparison between  FEA model  and 
experimental  result  for  the  center  position  on 
the target measured at the exit port. 
 
The  FEA  model  underestimates  the 
temperature at the center of the platinum disk 
by 22  to 14°C  for  ion  sources 1 and 2,  respec‐
tively. As shown with the previous experiment, 
the  margin  of  error  increases  with  increasing 
target current. 
Comparison  between  figures  7  and  8 
shows the measured temperature at the center 
of the platinum disk  is significantly  lower when 
the  target  is  attached  to  the  exit  port  of  the 
cyclotron. Difference  in beam profile and  local‐
ised area of high current intensity (hot spots) is 
undetectable as a change in temperature due to 
the  resolution  of  the  thermocouple.  The  tem‐
perature  inside  the  bulk material  is  highly  de‐
pendent  on  the  thermal  conductivity  of  the 
target  material  and  the  proximity  of  the  hot 
spot  to  the  sensor.    The  asymmetry  of  the 
transaxial beam profile as demonstrated later in 
this  study  confirms  the  effective  increase  in 
local intensity when the target is located on the 
exit port, potentially reducing the ability of the 
thermocouples  to  correctly  sample  the  tem‐
perature.  As  observed  from  this  comparative 
study a noticeable difference  in temperature  is 
observed  the  further  the  beam  travels  away 
from  the  boundary  of  the  magnetic  field  of 
cyclotron due to beam divergence.  
With the solid target at the end of the 
beam‐line, target current lost on the collimator 
and  beam‐line was  >55%.  The  effect  of  beam 
divergence is clearly observed in Table 5 below.  
 
   
       
TABLE  5.  Comparison  of  current  lost  with  and 
without  beam‐line.  Beam  is  adjusted  so  that 
target current  is set at 50 µA  for both configura‐
tions. 
 
With  the  target  mounted  directly  at 
the  exit  port  the  current  lost was  reduced  to 
below  40%.  Although  the  average  proton  cur‐
rent  intensity  is  the  same  for  any  set  target 
current,  irrespective  of  target  position,  the 
localized  intensity  of  the  beam  (due  to  beam 
profile)  highly  influences  the  temperature 
measured  at  the  central  location.  For  a  fixed 
target current any loss of beam on the collima‐
tor and beam‐line places greater reliance on the 
center  of  the  beam  to  maintain  the  same 
amounts  of  protons  per  second  impinging  on 
the  target  surface.  In order  to  compensate  for 
losses  along  the  beam‐line  a  higher  output  of 
ions  generated  in  the  ion  source  is  required, 
thus  effectively  changing  the  beam  cross  sec‐
tional profile.   
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FIGURE 9. Comparison between  FEA model  and 
experimental  result  measured  with  target  on 
the beam‐line for the radial position. 
  With 
Beam‐line 
No  
Beam‐line 
Extracted  119  78.4 
 Current (µA) 
Target   50  50 
Current (µA) 
Collimator  +  Beam‐line  68  N/A 
Current (µA) 
Collimator Current (µA)  ‐  28.7 
Current Lost (%)  57%  37% 
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 The temperature at the radial position 
on  the  beam‐line  (Fig.  9)  observes  the  same 
trend  as  for  the  temperature measured  in  the 
center. The difference between the experimen‐
tal  results  and  the  FEA  model  is  greater  for 
higher target currents.  
The  FEA  model  underestimated  the 
temperature by 7  to 37°C  for  target current of 
10  to  50 A.  The  error  at  this  location  is  due 
partly  to  the model’s assumption of a uniform 
heat source, applied to the material on a single 
axis (perpendicular to the material surface) and 
does  not  account  for  any  scattering  or  diver‐
gence  of  the  incident  proton  beam.  The  tem‐
perature  at  the  radial position with  the  target 
connected to the exit port is shown in Figure 10 
below.  
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FIGURE 10. Comparison between FEA model and 
experimental  results  for  the  radial position on 
target attached directly to exit port.  
 
The FEA model underestimated the ra‐
dial temperature by 6 to 33°C for target current 
of  10  to  50  A,  for  discussed  previ‐
ously. Comparison with  figure 9  (target on  the 
beam‐line)  shows  the  same  margin  of  error 
between the FEA and the experimental results, 
which indicates minimal influence of the proton 
beam  to  the  radial  thermocouple.  The  8mm 
radial  position  is  significantly  larger  than  the 
collimated beam.   
The  FEA  model  underestimated  the 
temperature at the radial location with or with‐
out the beam‐line and for both ion sources. The 
difference  in  temperature  between  the  FEA 
model  and  experimental  results  is  due  to  the 
assumption  that  the maximum  radial  tempera‐
ture  is on the  irradiated surface and not  inside 
the material corresponding to the layer with the 
maximum energy lost (Bragg peak). In addition, 
the FEA model does not account  for  the diver‐
gence of the proton beam as  it travels through 
the  material.  Given  the  temperature  at  50A 
target current is >90°C (tables 3 and 4) we have 
capped  the  experiment  below  this  point  to 
prevent any damage to the o‐ring seal. 
To illustrate the transaxial beam profile 
and the range of the beam, its penetration into 
the  glass  plate  was  measured  in  three‐
dimensions.   Plates were  irradiated at  low  tar‐
get currents with and without the beam  line  in 
place.  A  dose  rate  of  ~2.0 mSv/hr was meas‐
ured  immediately  after  irradiation  and  ~80 
Sv/hr at 1 hour post irradiation. After 24 hours 
the  dose  rates  for  the  irradiated  plates  were 
slightly  above  background  at  ~0.7  Sv/hr.    A 
visual inspection of the glass plate showed signs 
of  damage  (bubble  and micro‐fractures)  form‐
ing in the center of the material and continue to 
fracture up to several hours post irradiation due 
to  thermal  expansion  and  structural  changes 
(Fig.  11).  The  fracturing  inside  the  plates  sub‐
sides  once  the  temperature  inside  the  glass 
returns to room temperature.   
 
  
 
(b) 
Micro-
fractures 
FIGURE 11. Post Irradiation on end of the beam‐
line  for  the  same  glass  plate  (a)  Immediately 
after  bombardment  (b)  1  hour  after  end  of 
bombardment. 
 
The  image  processing  software  com‐
putes a circle defined by  the average diameter 
determined by edge detection of the transaxial 
beam profile  (Fig. 12c and d). The diameter at 
the end of the beam line is 16.0 mm, while the 
diameter  without  the  beam‐line  is  13.0  mm, 
therefore  the  estimated  divergence  of  the 
beam inside the 300 mm beam‐line is 9.5 mrad.  
(a) 
Bubble 
reasons 
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FIGURE  12.  Unprocessed  images  of  irradiated 
glass plates (a) end of the beam‐line (b) without 
the beam‐line. Processed  images (c) end of the 
beam‐line (d) without the beam‐line. 
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depth  of  the  foot  print  induced  by  the  beam. 
Some optical aberration  is expected due to the 
unpolished edges along the glass, thus contrib‐
uting  to  the  error  in  depth  calculation.    The 
formation  of  the  micro‐fractures  post  irradia‐
tion  confirms  the  imprint  left  in  the  glass  is 
caused  purely  by  the  interaction  of  proton 
beam  with  glass.  An  estimate  of  the  imprint 
(not  the  fractures)  inside  the  glass was meas‐
ured  to  be  ~1.6  mm  (Fig.  13).  The  stopping 
range  for  the measured  depth  correlates  to  a 
primary  beam  energy  of  17.7  MeV  in  glass 
(Boro‐Silica) using SRIM3.  
 
 
The beam diameter was also estimated
using  the  current  measurements  in  Table
Assuming  a  homogeneous  beam  collimated
10  mm  with  a  loss  of  57%  the  un‐collimated
beam  is 15.2 mm, while without the beam
the un‐collimated beam is 12.6 mm (37% 
loss).  The  calculated  divergence  using 
current  is  8.7 mrad,  a  difference  of  0.8 
from  the  result obtain  from  the glass plate
periments.  
    Analysis of the top view of
irradiated  glass  plates  shows  the  penetra
 
FIGURE  13.  Top  view  of  the  irradiated  glass 
plates  after  image  processing  for  beam  depth 
measurement, glass thickness = 10.05 mm. 
 
The  result  is  similar  to  the  norminal 
beam energy  for  the  cyclotron  (~18 MeV)  and 
agrees with  the  result published by Burrage et 
al4. 
However, this method provides a quali‐
tative estimate for the beam energy but  is  lim‐
ited by  the  capacity  to measure  the profile of 
the Bragg peak from the image.  
The  imprint  left  on  the  glass  plates 
shows an oval shape beam regardless of target 
location  (Fig.  12).  A  crater  has  formed  on  the 
surface  of  the  irradiated  face  which  indicates 
some material had vaporized during the irradia‐
tion. The visible impact of the beam as it pene‐
trates  the  glass  at  normal  incidence  clearly 
shows  a  significant  hot  spot  (represented  by 
fractured glass)  surrounded by a darkened an‐
nulus  representing  the  true penetration depth 
of the beam (Fig. 14). The  imprint  in the mate‐
rial stops flat and the depth of the flat imprint is 
similar  for both experiments with and without 
the beam‐line.  
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 14. Top isometric view (macro photogra‐
phy) of  the  irradiated glass plates,  (a) exit port 
(b) end of the beam‐line  
    
Conclusions 
 
The  segmented  FEA model was  inadequate  in 
determining  the  temperature  for  the  target  at 
the end of a 300mm beam‐line. A combination 
of beam divergence, beam profile and localized 
hot  spots  results  in  a  higher  than  predicted 
temperature reading. However, the segmented 
FEA model provides  a  good estimation  for  the 
temperature observed  inside  the bulk material 
when the target  is  located at the exit port. The 
segmented  FEA  model  underestimates  the 
temperature at the radial position regardless of 
ion source or target position.  
A  comparison  between  the  two  ion 
sources  with  different  ion‐to‐puller  extraction 
gap,  yields  minimal  temperature  difference.  
Although  a  difference  of  44°C  was  observed 
between the two  ion sources at the end of the 
(a) (b) 
(d) (c) 
(a) 
(b) 
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 beam‐line, a major contributing  factor  is beam 
divergence  beyond  the  magnetic  field  rather 
than  the  beam  size  of  the  accelerated  beam 
inside the cyclotron cavity.  
Beam  spot  size measurement  using  a 
glass  plate  is  a  simple  and  quick  method  to 
verify  the  beam  transaxial  profile  and  energy. 
The method allows us to quantitatively measure 
the beam spot size on all exit ports of the cyclo‐
tron. A measured beam divergence of 9.5 mrad 
along  the  beam‐line  confirms  the  significant 
loss of peripheral beam to the collimator, as per 
our  observation  during  the  temperature  ex‐
periments.   
Further  studies  are  underway  to  de‐
termine  the  beam  hot  spots  in  the  irradiated 
glass  plates  by  using  3D  scanners  or  interfer‐
ometry of the micro‐fractures formed inside the 
material.  Other  means  of  verification  using 
radiographic  film  can  also  provide  a  valuable 
insight  into  the  beam profile  and  spot  size.  In 
order to avoid micro‐fractures a reduced beam 
current  study  <5  A  on  glass  may  provide  a 
better  beam  imprint  inside  the  material  for 
depth  measurement.  Experiments  are  under‐
way to polish the glass edges in order avoid any 
aberrations and reduce the error in beam depth 
measurement.    Energy  estimation  using  the 
glass  technique  is a simple and quick guideline 
measurement, but does not provide  the  same 
level  of  accuracy  as  the  standard  stack  foil 
method.  
A  realistic  beam  model  using  the  re‐
sults obtained from the glass plate experiments 
will  improve  the  FEA  simulation  for  tempera‐
ture estimation in target material.   
   Currently  the  solid  target  is  placed  at 
the end of  the beam‐line  for easy  loading and 
unloading, since multiple target irradiations are 
performed  per  month2.  However,  our  labora‐
tory is currently developing a new solid targetry 
system which eliminates  the need  for a beam‐
line,  potentially  resolving  the  problem  with 
beam divergence and proton  current  loss.  It  is 
estimated that the new target system located at 
the exit port will be able to sustain a maximum 
extracted target current of 150A.      
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Introduction 
 
Access to radiometals suitable for labeling novel 
molecular imaging agents requires that they be 
routinely available and inexpensive to obtain. 
Proximity to a cyclotron center outfitted with 
solid target hardware, or to an isotope genera-
tor for a radiometal of interest is necessary, 
both of which can be significant hurdles in avail-
ability of less common isotopes. Herein, we 
describe the production of 44Sc, 68Ga, 89Zr, 86Y 
and 94mTc in a solution target which allows for 
the production of various radiometallic isotopes, 
enabling rapid isotope-biomolecule pairing op-
timization for tracer development. Work on 
solution targets has also been performed by 
other groups [e.g. 1, 2]. 
 
Material and Methods 
 
Solutions containing a high concentration of 
natural-abundance zinc nitrate, yttrium nitrate, 
calcium nitrate [3], strontium nitrate or ammo-
nium heptamolybdate [4] were irradiated on a 
13 MeV cyclotron using a standard liquid target. 
Some of the solutions contained additional hy-
drogen peroxide or nitric acid to improve solubil-
ity and reduce pressure rise in the target during 
irradiation. Yields calculated using theoretical 
cross sections (EMPIRE [5]) were compared to 
the measured yields. In addition, we tested a 
thermo-syphon target design for the production 
of 44Sc. Chemical separation of the product from 
the target material was carried out on a remote 
apparatus modeled after that of Siikanen [6]. 
 
Results and Conclusion 
 
The proposed approach enabled the production 
of quantities sufficient for chemical or biological 
studies for all metals discussed. In the case of 
68Ga, activity up to 480±22 MBq was obtained 
from a one hour run with a beam current of 7 
µA, potentially enabling larger scale clinical pro-
duction, see Table 1. Considering all reactions, 
the ratio of theoretical saturation yields to ex-
perimental yields ranges from 0.8 for 94mTc to 
4.6 for 44Sc. The thermo-syphon target exhibited 
an increase of current on the target by a factor 
of 2.5 and an increase in yield by a factor of five 
for the production of 44Sc. Separation methods 
were developed for all isotopes and separation 
efficiency ranges from 71±1% for 94mTc to 99±4% 
for 86Y. 44Sc, 68Ga, and 86Y were successfully used 
in labeling studies with a model 1,4,7,10 – te-
trazacyclododecane - 1,4,7,10 -tetraacetic acid 
(DOTA) chelate, while 89Zr coordination behavior 
was tested using desferrioxamine-alkyne (DFO-
alkyne). 
 
Reaction Asat (MBq/µA) 
Atheosat 
(MBq/µA) 
Atheosat 
/Asat 
44Ca(p,n)44Sc 4.6±0.3 21.1 4.6 
syphon target 
68Zn(p,n)68Ga 
8.4±0.3 
141±6 
21.1 
207.3 
2.5 
1.5 
86Sr(p,n)86Y 31±1 52.5 1.7 
89Y(p,n)89Zr 360±9 540.9 1.5 
94Mo(p,n)94mTc 40±6 32.2 0.8 
TABLE 1. Reaction, experimental saturation yield 
Asat and theoretical saturation yield A
theo
sat for all 
investigated radiometals. The production of 44Sc 
in the syphon target is preliminary (n=2). 
 
In summary, we present a promising new 
method to produce a suite of radiometals in a 
liquid target. Future work will continue to ex-
pand the list of radiometals and to apply this 
approach to the development of various pep-
tide, protein and antibody radiotracers. 
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Introduction 
The increasing demand for [18F]FDG for clinical 
PET-CT and the efficiencies associated with large 
production runs have encouraged endeavors to 
increase the amount of 18F- produced by cyclo-
trons in a single run, thus providing a saving in 
starting materials, consumable and staff costs.  
The amount of 18F- is determined by the satura-
tion yield of the nuclear reaction, the irradiation 
time and the beam current striking the target. 
The saturation yield is a function of beam energy 
(typically fixed for PET cyclotrons), the enrich-
ment of the H2
18O (typically >97%) and the effi-
ciency of the target design. Target design has 
already been optimized on current systems. 
Diminishing gains in activity are achieved by 
extending the irradiation time much beyond 
3 hrs, so the main focus has been to increase the 
target beam current. Increasing the beam cur-
rent requires: i) a cyclotron capable of producing 
the increased beam current; ii) targets that tol-
erate the beam current without appreciable loss 
in saturation yield; iii) sufficient shielding of the 
cyclotron and hot cells to accommodate the 
proportionally larger radiation dose rates during 
higher current irradiation and from the larger 
activities delivered to the hot cells. 
We reported [1] that the self-shielded tar-
gets fitted to our cyclotron can accommodate 
100 µA currents without appreciable loss in 
saturation yield. We also identified the potential 
of routine production at 200 µA (100 µA per 
target in dual target irradiation mode), but had 
not established its long-term viability in routine 
use. We present our experience in using 200 µA 
for routine production of 18F- from September 
2012 to July 2014 and demonstrate that with 
close monitoring of critical components and 
parameters, good reliability of the cyclotron 
could be achieved. 
 
Material and Methods 
Component Upgrades 
Our PETtrace cyclotron was installed in 2002 
with initial total proton target beam current 
specification of 75 µA and has been used for 
routine production of various 18F and 11C tracers 
since January 2003. It has been upgraded incre-
mentally so that it is now equivalent to a current 
generation PETtrace 880 cyclotron, which is 
specified at a total proton target beam current 
of 130 µA. The main upgrades which facilitate 
increased beam currents include: 
 RF intermediate amplifier and RF control 
unit – accommodate the higher RF power 
requirements of high beam currents. 
 Collimators changed from tantalum to 
graphite and extraction foil holder from 
aluminum to graphite – improved toler-
ance to higher temperatures generated in 
these components with higher beam cur-
rents.  
 New ion source anode design – increased 
ion source output to facilitate higher beam 
currents. 
 Silver 18F- targets replaced (fill volume 1.6 
mL) with larger volume niobium targets (fill 
volume 2.5 mL) – higher target current ca-
pacity. 
The only components on our cyclotron cur-
rently not part of the standard PETtrace 880 
cyclotron configuration are the self-shielded 
targets and a license which allows a total proton 
target beam current of 200 µA.  
 
Self-shielded 18F- Targets 
The self-shielded targets utilize a W/Cu alloy 
for the main body of the target surrounding the 
Havar foil to reduce dose rate from the Havar 
foil by a factor of about 10 and dose rate from  
any remnant 18F- activity in the targets by a fac-
tor of about 100 [1]. The niobium target cham-
ber is the same size as used in the standard GE 
Nb25 Niobium targets. The targets are filled with 
approximately 2.5 mL of water which leaves a 
small gas bubble at the top of the target cham-
ber. As with the standard Nb25 target, an over 
pressure of about 30 bar is applied to the tar-
gets. The self-shielded target dispenses with the 
He cooling and the vacuum foil. Only the water 
foil is used, which is directly exposed to the 
vacuum in the chamber. Foil cooling is by the 
water in the target chamber. The elimination of 
the 25 micron vacuum Havar foil reduces the 
total thickness of foils the beam has to traverse 
from 75 micron to 50 micron. The performance 
and service interval of this target was investigat-
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ed at 100 µA per target (200 µA total for dual 
irradiation) beam currents. 
 
Operating Parameter Optimisation 
Effective high current operation requires op-
timization of operating parameters. DEE voltag-
es were selected to provide a good compromise 
between load on RF system, beam shape and ion 
source current. While increased ion source gas 
flow can increase ion source output, it also re-
sults in increased beam stripping and hence 
reduced transmission of beam from ion source 
to target. Beam stripping at high currents is 
particularly important, as the amount of beam 
stripped which impacts on the components in 
the cyclotron is proportional to beam current.  
At high currents, this can result in a runaway 
condition, where the effects of the stripped 
beam hitting components inside the vacuum 
tank deteriorate vacuum. The deteriorated vac-
uum then causes more beam to be stripped, 
leading to further deterioration of vacuum. The 
increased beam stripping and deteriorated vac-
uum are compensated by increasing the ion 
source current, until maximum ion source cur-
rent is reached, causing the beam to shut down. 
The vacuum and hence beam stripping are af-
fected by the efficiency of the vacuum system 
and the ion source gas flow. Hence optimum ion 
source gas flow was investigated. The effect of 
diffusion pump maintenance on vacuum system 
performance was also investigated.  
We have found previously that running the 
ion source gas at a low flow rate (2 sccm) when 
cyclotron is not used greatly reduces deteriora-
tion of ion source performance over time and 
with use [1]. This gas flow also appears to have a 
beneficial effect on the vacuum. Ion source gas 
flow when cyclotron is off has been employed 
throughout the evaluation period. 
 
[18F]FDG Yield and Stability 
[18F]FDG was produced with TRACERlab 
MXFDG modules or FASTlab modules using both 
Phosphate and Citrate cassettes. Stability stud-
ies of [18F]FDG were performed to ensure it met 
specifications over the specified expiry time for 
the higher activities produced with the higher 
beam currents. 
[18F]FDG yields were calculated using input 
activity estimates from saturation yield (8400 
MBq/µA) determined at acceptance and from 
subsequent measurements and beam time and 
current and the non-decay corrected [18F]FDG 
activity measured at the end of synthesis. Thus 
yield calculations include target yield variations 
and losses in the transfer lines and not just syn-
thesis yield. 
 
Results and Conclusions 
18F- Targets 
The saturation yields remained consistent 
with increasing beam currents up to a target 
current of 100 µA (Figure 1). The saturation 
yields for 90 and 100 µA target currents were 
measured with the self-shielded target only, 
while the lower current results included meas-
urements from Nb25 targets. 
 
Figure 1. Saturation yields for target currents 
ranging from 36 to 100 µA. 
 
The data shown in Figure 1 indicate con-
sistent yields up to 100 µA. However, very nar-
row beams appear to result in a slight decrease 
in yield for 100 µA target currents.  
The service interval for the self-shielded tar-
gets was gradually increased to over 
20,000 µAh. At close to 20,000 µAh, slight re-
ductions in FDG yield (about 5%) were being 
observed and the 20,000 µAh service interval 
has been chosen to limit reduction in FDG yield.  
The only issue we found with the self-
shielded targets during re-build was galvanic 
corrosion of the W/Cu in the cooling water cavi-
ties of the targets, thought to be due to the two 
dissimilar metals (W and Cu) being in contact 
with the cooling water.  It is understood that this 
issue in our prototype has been addressed in the 
current version of the self-shielded target. 
 
Operating Parameter Optimisation 
Figure 2 demonstrates the increase in ion 
source output, based on flip-in probe current, 
with increasing ion source gas flow reaching a 
maximum at about 6 sccm. The percentage 
beam transmission from probe to extraction 
foils is shown in Table 1 and Figure 3 as a func-
tion of ion source gas flow. As expected, trans-
mission decreases with increasing gas flow due 
to increase in beam stripping. Based on these 
data, an optimal gas flow of between 5 and 
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5.5 sccm has been found and typically a gas flow 
of 5.5 sccm is used. 
The improvement achieved in probe to foil 
transmission by diffusion pump maintenance is 
highlighted in Table 1 and Figure 3. The period 
between the previous diffusion maintenance 
and this maintenance was the recommended 
5 years. Based on these results, diffusion pump 
maintenance interval has now been changed to 
2 years. 
 
 
Figure 2. Flip-in probe current as a function of 
ion source gas flow for an ion source current 
(Iarc) of 400 mA. 
 
Ion 
Source 
Gas Flow 
(sccm) 
Probe to Foil 
Transmission 
before DP Service 
(%) 
Probe to Foil 
Transmission 
after DP Service  
(%) 
3.5 76.7% 78.8% 
4.0 74.3% 76.2% 
5.0 69.9% 73.0% 
6.0 63.7% 68.0% 
7.0 59.4% 64.6% 
7.5 57.4% 62.0% 
8.0 56.0% 60.6% 
TABLE 1. Flip-in probe to extraction foil transmis-
sion as a function of ion source gas flow before 
and after diffusion pump (DP) maintenance. 
 
 
Figure 3. Flip-in probe to extraction foil trans-
mission as a function of ion source gas flow 
before and after diffusion pump (DP) mainte-
nance. 
Using the optimized DEE voltage of 38.5 kV 
and Delta DEE of 3.5 kV and an ion source gas 
flow of 5.5 sccm, the following operating pa-
rameters are typically obtained for a beam with 
total target current of 200 µA (dual 100 µA per 
target beam). 
• Anode current of approximately 3 A 
(maximum recommended 3.2 A) 
• Tube amplifier drive voltage of approx-
imately 120 V (maximum recommend-
ed 180 V) 
• Ion source current <600 mA over 2 hr 
run (maximum recommended 700 mA) 
• Collimator currents <5% with new ex-
traction foils, change extraction foils 
when collimator currents exceed 7 to 
8%. 
Thus even at 200 µA target currents, all pa-
rameters are within the maximum recommend-
ed values. However, the head room and safety 
margin is substantially reduced compared to 
lower beam current operation. It should be 
noted that the optimized parameters are cyclo-
tron specific and other PETtrace cyclotrons are 
likely to have different optimal operating pa-
rameters.  
 
[18F]FDG Yield and Stability 
Over the period from 1st September 2012 to 
end of July 2014, a total of 419 [18F]FDG produc-
tions were performed at total target beam cur-
rents ranging from 160 µA to 200 µA, with 335 
production runs being performed at 200 µA. 
Beam times were typically 90 to 120 min, with 
some productions up to 180 min. The FASTlab 
phosphate cassette yields have been plotted in 
Figure 4. The [18F]FDG yields are summarized in 
Table 2. The yields for the FASTlab phosphate 
and citrate cassettes have been listed separately 
in Table 2 as they are known to be different 
[2,3]. The [18F]FDG yields obtained with the 
TRACERlab MXFDG are also shown in Table 2 and 
plotted separately in Figure 5. 
 
Parameter < 200 µA Beam 
(n) 
200 µA Beam (n) 
FLP Yield 73.4±11.2% (54) 73.3±4.3% (145) 
FLC Yield 63.7±8.2% (27) 65.0±4.3% (33) 
MX Yield 54.4±5.8% (111) 50.7±5.7% (157) 
TABLE 2. [18F]FDG Yield for FASTlab Phosphate 
(FLP), FASTlab Citrate (FLC) and TRACERlab 
MXFDG (MX) syntheses for beam currents 
<200 µA and at 200µA. The number (n) of runs 
are given in brackets.  
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Figure 4. Plot of [18F]FDG activity yield data 
between 10 September 2010 to 31 July 2014 at 
beam currents from 130 to 200 µA for FASTlab 
module using phosphate cassettes 
 
 
Figure 5. Plot of [18F]FDG activity yield data be-
tween 01 August 2008 to 31 July 2014 at beam 
currents from 130 to 200 µA for TRACERlab 
MXFDG module. 
 
As shown in Table 2, yields at beam currents 
< 200 µA and at 200 µA for the FASTlab phos-
phate and citrate cassettes are within 2% and no 
drop in yield is observed with 200 µA.  For the 
TRACERlab MXFDG cassettes the < 4% difference 
can be attributed to a lower yielding cassette 
batch towards the latter part of 2014 when 
200 µA beam currents were predominantly 
used. The coefficient of variations in Table 2 
demonstrate that consistency of yield is not 
adversely impacted by the 200 µA total target 
current.  
We aseptically add 0.2 mL of 25% sodium 
thiosulphate to the product vial as stabilizer to 
limit radiolysis [4]. In addition, for the FASTlab 
phosphate cassettes, which do not use ethanol 
as part of the synthesis, we add 0.5 mL of etha-
nol to the 100 mL water bag. With this regime,  
[18F]FDG stability was maintained over a 24 hour 
period even at the activities of approximately 
650 GBq (17.6 Ci) [18F]FDG at EOS  capable of 
being produced by a 130 min, 200 µA target 
current run with the FASTlab phosphate cas-
settes. Thus clinical productions with the 
FASTlab phosphate cassettes are currently lim-
ited to 130 min until validation has been per-
formed for longer beam times with the phos-
phate cassettes. The FASTlab citrate cassettes 
and TracerLab MX cassettes have been validated 
up to a beam time of 180 min.  A 180 min, 200 
µA test production using the FASTlab phosphate 
cassette produced 763 GBq (20.6 Ci) at EOS, 
demonstrating the potential amounts of FDG 
which can be produced in a single run. 
 
Maintenance Schedule Impact 
The tolerance to a reduction in performance 
of the critical components to achieve high cur-
rent operation (RF, ion source output and vacu-
um system) is reduced at high beam currents. 
This may result in a lower safety margin of criti-
cal components during beam irradiation, hence 
close monitoring of critical parameters is essen-
tial to minimize cyclotron outage.  The require-
ments for routine maintenance of ion source, 
targets and extraction system, however, have 
not increased with the increase in beam current 
from 160 µA to 200 µA. Extraction foil life and 
ion source maintenance intervals have remained 
at about 2000 µAh and >120 Ah (>50,000 µAh 
on targets), respectively. As more experience 
has been gained with the self-shielded targets, 
service interval has actually been extended from 
about 10,000 µAh to 20,000 µAh, despite the 
higher beam currents.  
Diffusion pump maintenance is currently 
recommended every 5 years by the manufactur-
er, but a 2 year maintenance interval has been 
implemented for 200 µA, given the observed 
deterioration over a 5 year period and the im-
provement in performance post service (Table 
1). The more frequent service is associated with 
the additional costs of diffusion pump oil and an 
extra day of scheduled down-time.  
Typically, vacuum is sufficiently well estab-
lished 12 h after opening of the vacuum tank to 
run 200 µA beams with the vacuum and beam 
conditioning that we employ. The conditioning  
after tank closure which we employ is as follows: 
i) RF and ion source gas flow is started as soon 
as vacuum allows (typically 20-25 min after tank 
closure); ii) a conditioning beam starting typical-
ly at dual 20 µA and gradually increasing target 
current to dual 90-100 µA. If necessary, degrad-
ed vacuum from higher beam currents is al-
lowed to recover by reducing beam current to 
dual 5 µA for about 15-20 min before increasing 
beam current again. The conditioning beam 
typically takes 2-3 h depending on the number 
of components changed in the tank. 
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Problems Experienced with Higher Beam Cur-
rents 
The targets generally have tolerated the 
100 µA per target current (200 µA total beam 
current for dual target irradiation) well over this 
18 month period. However, currents of 80 µA to 
100 µA per target in dual target irradiation 
mode reduce the tolerance to sudden increases 
in one of the target currents. There were four 
occasions (two test beams and two production 
beams) when there were sudden increases of 
target current from 90 µA and 100 µA to about 
150 µA. The rapid increase in heat deposited on 
the foil and target chamber and the resultant 
rapid pressure rise in the target chamber could 
not be withstood by the foil and target foil rup-
ture ensued. This compared to one target foil 
issue over a similar period of time (18 months) 
at lower beam currents on the standard Nb25 
target. 
Three separate causes were identified for 
these overshoots in target current: 1) behavior 
of control system when beam is allowed to con-
tinue past the set time; 2) large manual change 
of set current of one of the two targets irradiat-
ed during a dual irradiation conditioning beam 
and 3) an issue with DEE voltage regulation 
caused by the mechanical flap controls. Issues 1 
and 2 have been addressed by procedural 
changes. For issue 1, the beam time is set longer 
than the required beam time and beam is 
stopped and target contents delivery is com-
menced before the set time is reached. For issue 
2, if changes to target currents are required 
while dual beam is running (eg for conditioning 
beam after vacuum tank closure), changes are 
limited to 10 µA increments at a time to avoid 
overshoot of one of the target currents when a 
large change in beam current is called for on the 
other target. Issue 3 was resolved by replacing 
the original worn mechanical flap controls with 
an available upgrade of the mechanical flap 
control mechanism which provides more precise 
control of the flap positions. The two target foil 
ruptures during production did not cause cancel-
lation or delays to patient scanning, as the de-
mand could be met by additional production 
runs after restoration of vacuum from target 
rupture and deliveries from the unaffected tar-
get. No unscheduled down-days occurred during 
the evaluation period. 
The current PETtrace 880 cyclotron is speci-
fied at 130 µA total target beam current. This 
conservative specification allows for differences 
in performance between cyclotrons and pro-
vides considerable headroom to tolerate less 
than optimum set up and performance of the 
cyclotron subsystems potentially seen across 
PETtrace sites. We have been able to achieve 
routine operation at 200 µA beam current 
through careful optimization of the operating 
parameters and the central region in close col-
laboration with GEMS PET Systems AB, Uppsala, 
Sweden. Even with careful optimization as per-
formed here, 200 µA beam currents may not 
necessarily be achievable on all other PETtrace 
880 cyclotrons due to potential variations be-
tween cyclotrons.  
High performance is maintained through our 
maintenance regime that we have detailed pre-
viously [1]. This maintenance scheme for routine 
200 µA operation has largely remained the same 
as for our previous lower current operation. We 
also run the ion source gas at 2 sccm while the 
cyclotron is not in use. We believe this has been 
instrumental in minimizing wear on the ion 
source, and consequential loss of output, and 
thus maximizing the time between ion source 
rebuilds.  At the high beam currents, the safety 
margin and tolerance is small, so careful moni-
toring of the system is required to ensure that 
issues in one of the subsystems do not cause 
major events such as target foil ruptures.  
The prototype self-shielded targets have per-
formed well over this period and have the ad-
vantage of not requiring target removal for the 
majority of minor maintenance tasks due to the 
shielding of the Havar foils and remnant activity. 
This greatly facilitates the proactive mainte-
nance required for 200 µA operation. Issues, 
such as galvanic corrosion have been addressed 
in the current version of the targets but highlight 
the importance of performing long term tests on 
prototypes to ensure potential long term issues 
are identified and addressed before release of 
product. 
Our [18F]FDG yields and stability have been 
maintained at the higher current and 200 µA 
allows large quantities of [18F]FDG to be pro-
duced routinely with relatively short beam 
times. The large FDG activities capable of being 
produced minimizes the number of productions 
required to fulfill customer demands and readily 
accommodates decay associated with long 
transport times for some of our customers.  
The routine operation at 200 µA for almost 2 
years is providing valuable information on the 
ability of the various cyclotron components to 
withstand these higher currents and the ability 
of the critical substance to maintain the required 
performance. This allows improvements to be 
made to marginal systems. There are no plans to 
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go beyond 200 µA total target current as effort 
required to increase current is likely to consider-
ably outweigh the gain in extra current and ac-
tivity. In addition, increased activity can be more 
readily achieved through longer beam times, 
providing FDG stability can be maintained at 
even higher activity levels. 
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Introduction 
The TR-24 is relatively new to the cyclotron 
market and its advantages over lower energy 
PET cyclotrons have not yet been fully realized. 
A new high current [18F] fluoride production 
target that takes advantage of the higher energy 
and current afforded by the TR-24 has been 
developed.  
 
Material and Methods 
The TR-24 cyclotron presents challenges of pro-
ducing conventional PET isotopes even with its 
variable energy capability (18–25 MeV). Simul-
taneous irradiation of two targets that require 
different proton energies is possible only using 
beam energy degrader. Due to the relatively 
wide energy window, the degrader design is not 
trivial, especially for the high current operation. 
For example, reduction of beam energy from 24 
to 18 MeV would require the use of an approxi-
mately 1.5 mm thick aluminum degrader. At 
100 μA this degrader would have to be capable 
of dissipating 700 W of beam power, which 
would be challenging to achieve with no cooling 
or using a conventional helium cooling window. 
However, cooling water used as a beam energy 
degrader can dissipate several kilowatts of beam 
energy and provide additional cooling for target 
material and window foils. FIGURE 1 demon-
strates the concept of the water cooled target 
window.  
 
FIGURE 1. Helium- vs. water-cooled double widow 
 
A standard 18F- water target with a 2.5 mL fill 
volume and a 30 degree beam incident angle 
was modified to accept the new water window. 
A 1 mm thick region of circulating cooling water 
was inserted between the vacuum and the 
product foil. 
The combined beam energy degradation caused 
by the vacuum foil (0.00012“ Havar), the cooling 
water (1 mm) and the target foil (0.00012“ 
Havar) was approximately 7 MeV for a 24 MeV 
incident proton energy.  
The target was installed on a target selector 
mounted directly on the TR-24 cyclotron. No 
additional beam focusing or steering devices 
were used to defocus or correct beam shape. A 
small recirculation water system was setup to 
supply cooling water for the degrader. A mixed 
bed ion exchange column was installed on the 
return line to trap N-13 and radioactive metal 
ions that could possibly be etched from the 
Havar foils. The water in the degrader was con-
tinually circulated in a closed loop providing 
cooling to the vacuum and target foils. An 
800mL/min water flow through the degrader 
was generated by a low pressure water pump. 
 
Results  
Several tests were performed with O-16 water 
to establish current – pressure curve and to 
determine “burn through” current (FIGURE 2). 
 
 
FIGURE 2. Target pressure vs. beam current 
 
Conclusion 
Initial tests demonstrated that the new F-18 
target with a 1 mm water degrader is capable of 
accepting power levels in excess of 3.6 kW, op-
erating at 150 μA. More testing is under way, 
including testing with H2
18O to determine the F-
18 production capacity of this target. We will 
look into adapting this concept to all ACSI PET 
targets, including the high current F-18 produc-
tion target which can potentially reach an opera-
tional current of 200 μA.  
49
1Corresponding author, E-mail: peeples@brucetech-targets.com 
Visual Observation of Boiling in Batch-Style Water Targets 
J. Peeplesa,1, M. Stokelya, M. Poormana, M. Magerlb, B. Wielanda 
 
aBTI Targetry LLC, 1939 Evans Rd. Cary, NC, USA 
bIBA Molecular, 801 Forestwood Dr. Romeoville, IL, USA 
 
 
Introduction 
Batch-style water targets are commonly used to 
produce F-18, via the 18O(p,n)18F reaction. These 
targets are known to operate under boiling con-
ditions in the target irradiation chamber, but the 
distribution of vapor under steady-state condi-
tions was previously unknown.  
The maximum operational power for a target 
is limited by its heat rejection capabilities. Exces-
sive voiding, due to exceeding these capabilities, 
can lead to beam penetration and a correspond-
ing decrease in saturation yield. Thermal per-
formance of batch targets has been correlated 
to average void in the target [1], but the simpli-
fied assumptions of such models do not repre-
sent the true non-uniform boiling behavior. 
Visualization targets allow direct viewing of 
the irradiation chamber during target operation 
[2-5]. Insight into the underlying phenomena 
can be used to facilitate the design of new tar-
gets with improved capabilities and to improve 
the accuracy of modeling techniques. 
 
Target Fill Vol. (mL) 
Pressure 
(psi) 
Power 
(W) 
Heselius, et. al.[2] 0.3-0.6 50 58-220 
Hong, et. al.[3] 4.5 400 300-600 
Hong, et. al.[5] 4.5 0-1250 750 
Peeples, et. al.[4] 2.5 70-300 0-1100 
This Work 2.3-4.3 100-200 0-1260 
Typical Batch[6-11] 2-4 400 1000-3000 
TABLE 1. Properties of prior visualization targets 
 
Commercial BTI Targetry targets operate at 
28-35 bar (400-500 psi) with heat inputs of 1 to 
3 kW and fill volumes of 2 to 4 mL [6, 7]. Existing 
literature on prior visualization targets docu-
ments boiling behavior at disparate pressures, 
power levels, and fill volumes, as shown in TABLE 
1. Operation has typically been limited to power 
levels significantly below those used in modern 
production targets, limiting the utility of the 
results. Recently, a visualization target featuring 
two transparent viewing windows was used to 
observe boiling conditions for realistic operating 
beam power, target pressure, and fill volume 
[4]. The same methodology has been applied to 
three additional visualization targets to examine 
the effect of target geometry on observed boil-
ing phenomena. 
Material and Methods 
The original visualization target, shown in FIG. 1, 
featured an aluminum body with a 0.127 mm 
(0.005 in) integral aluminum beam window and 
two viewing windows made of optically clear 
sapphire (Al2O3). It was operated on an IBA 18/9 
cyclotron with 18 MeV protons at beam power 
up to 1.1 kW, for pressures of 5 to 21 bar (70 to 
300 psi), and a fill volume of 2.5 mL. 
 
(a)  (b)  
FIGURE 1. Original visualization target solid model 
(a) isometric view and (b) cross-section view 
 
The three new designs all featured a wider 
chamber to allow for higher beam transmission 
and an increased chamber height, consistent 
with current trends in high power targets. Beam 
was collimated to 10 mm in the original visuali-
zation target and to 12 mm in the new designs. 
The chamber height was increased by fifty per-
cent, from 15 mm to 22.5 mm.  
One target featured a reduced chamber 
depth, and another had a ramp in the back of 
the chamber to reduce fill volume. Target pres-
sure was limited to a maximum of 14 bar (200 
psi) due to the larger diameter beam window. 
The chamber dimensions of the four visualiza-
tion targets are shown in FIG. 2 and TABLE 2. 
 
(a)  (b)  (c)  
FIGURE 2. Cross-section views of (a) tall, (b) ramp, 
and (c) shallow visualization targets 
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Target Width (mm) 
Depth 
(mm) 
Height 
(mm) 
Fill Volume 
(mL) 
Original 14 15 15 2.5-3.2 
Tall 16.2 15 22.5 3.1-5.5 
Ramp 16.2 5-15 10.5-22.5 2.2-4.5 
Shallow 16.2 12 22.5 2.5-4.4 
TABLE 2. Summary of visualization targets 
 
A video camera was used to record the boil-
ing conditions observed for each target under 
several lighting conditions. From the camera 
view, beam enters the chamber from the left, as 
illustrated in FIG. 3.  
 
 
FIGURE 3. Camera view through original target 
 
During irradiation, the proton beam excites 
the water molecules, producing visible blue light 
emissions during de-excitation. These light emis-
sions provide a good indication of the proton 
range as a function of height. With good ambi-
ent lighting, the width of the Bragg peak and 
natural circulation effects are clearly visible. A 
strong backlight can be used to produce clear 
images of the size and distribution of bubbles 
generated during the boiling process. Use of no 
external lighting is best for observation of the 
proton range, including any beam penetration. 
These characteristics can be seen in FIG. 4. 
 
(a)  (b)  (c)  
(d)  (e)  (f)  
FIGURE 4. Sample images from the original visual-
ization experiment illustrate visible features for 
(a) ambient and backlight, (b) ambient light, and 
(c) no light conditions during low power opera-
tion. Sample images for higher power operation 
are shown for (d) ambient and backlight, (e) 
ambient light, and (f) no light. 
 
The three targets were each tested at 7 bar 
(100 psi) and 14 bar (200 psi) for several fill 
volumes. For each experimental condition, the 
beam current was slowly increased to determine 
the values corresponding to the onset of boiling 
and to the onset of beam penetration. Each 
target was tested at a fill volume of roughly 1 
mm above the top of the beam strike area. If 
beam penetration ultimately occurred due to 
beam passing through the overpressure bubble, 
the target was tested again at a slightly higher 
fill volume.  
The same sapphire viewing windows were 
used in all four visualization targets, including six 
days of testing in 2012 and three days of testing 
in 2014. After several hours of testing with the 
ramp target, the front sapphire viewing window 
cracked, as seen in FIG. 5, resulting in a loss of 
inventory. As a result, the shallow target was 
tested using an aluminum disk in place of the 
back viewing window. Although the backlight 
condition could not be achieved, natural circula-
tion effects, boiling onset, particle range as a 
function of beam power and chamber height, 
and onset of beam penetration were still visible 
with a single viewing window. 
 
(a)  (b)  
FIGURE 5. Broken sapphire viewing window (a) in 
ramp target and (b) removed from assembly 
 
 The cause of the break is unknown, but pos-
sible explanations include accumulated radiation 
damage and thermal stress. There is some evi-
dence that the beam shifted off-center, in the 
direction of the broken viewing window, during 
operation of the ramp target. This statement is 
supported by asymmetric discoloration on the 
integral beam window and asymmetric burn 
marks on the back wall of the target, where 
beam struck the wall during the loss of inventory 
event. Thermal stress could be caused by the 
large temperature gradient on the window be-
tween the region in contact with the cool alumi-
num flange, at roughly 16°C (60°F), and the re-
gion in contact with the boiling water, at satura-
tion temperature of roughly 195°C (383°F). 
 
Results and Conclusion 
For all of the visualization targets, a stable natu-
ral convection current was visible at all power 
levels, even before the onset of boiling. Because 
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beam enters from the left side at the bottom of 
the target, the natural convection current is in a 
clockwise direction. This phenomenon is best 
visualized using ambient room lighting only.  
For higher beam currents, bubbles form in 
the Bragg peak region, initiating near the center 
of the beam. Additional bubble formation occurs 
near the surface of the beam window. Bubbles 
formed in these regions rapidly travel upwards 
due to buoyancy forces. For this reason, the 
average void fraction in the target increases with 
height. The increase in void fraction leads to a 
reduction in density and a corresponding in-
crease in the proton range. This behavior is ex-
aggerated at higher beam currents, as seen in 
FIG. 4(f) and FIG. 7. 
 With the original visualization target, infre-
quent distribution of the helium overpressure 
bubble was observed at higher power levels [4]. 
During a disruption event, the helium bubble 
would descend, collapse, disperse through the 
chamber, and then rapidly re-collect in the top 
of the chamber. This behavior was not observed 
in the new targets, most likely due to the in-
creased chamber height. 
Two thermal limits were observed which re-
sult in some beam penetration in the top region 
of the beam. For lower fill volumes, steam ac-
cumulation in the helium overpressure bubble 
causes the bubble to expand into the beam 
region. The lower density of the bubble is insuf-
ficient to stop the beam, as shown in FIG. 6. For 
higher fill volumes, proton interactions in the 
water lead to boiling, and excessive voiding 
occurs when bubbles produced in the beam 
region cannot rise quickly enough out of the 
path of the beam, as shown in FIG. 7. The second 
condition corresponds to a higher total beam 
power. The averaged power density for each of 
the three visualization targets at the observed 
thermal limit was the same, within measure-
ment error. At 14 bar (200 psi), the thermal 
limits were observed at roughly 300 W/mL, and 
at 7 bar (100 psi), the thermal limits were ob-
served at roughly 270 W/mL. 
For the new visualization targets, the in-
creased chamber height was beneficial for vapor 
accumulation and for maintaining a stable inter-
nal pressure. Adding additional chamber depth 
was shown to accommodate more voiding and 
higher maximum operating beam power, but did 
not improve the averaged power density. These 
experiments demonstrated that a small increase 
in the target fill volume can potentially increase 
the target thermal limit, by preventing beam 
penetration through the overpressure bubble.  
(a)  (b)  (c)  
FIGURE 6. Beam penetration through the over-
pressure bubble for (a) tall, (b) ramp, and (c) 
shallow targets 
  
(a)  (b)  (c)  
FIGURE 7. Beam penetration through top of bulk 
fluid for (a) tall, (b) ramp, and (c) shallow targets 
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Introduction 
 
The internal pressure experienced by a gas tar-
get during irradiation is dependent on the beam 
energy deposited in the target, the beam cur-
rent, and the thermal behaviour of the target 
[1]. The maximum beam energy deposited is a 
function of the cyclotron capabilities and the gas 
inventory within the target and is limited by the 
pressure produced in the target and the ability 
of the target assembly to remain intact. This is 
also a function of the thermal behaviour of the 
target, which is difficult to predict a priori since 
it is dependent on such things as convection 
currents that occur during irradiation. We con-
ducted bench tests with model gas targets with 
and without forced convection currents to ob-
serve the effect on thermal behaviour. Based on 
those results we constructed a prototype gas 
target, suitable for irradiation, with an internal 
fan assembly that is rotated via external mag-
nets.  
 
Material and Methods 
 
Bench tests were conducted with a conical tar-
get body made out of aluminum. A nickel-
chromium heater wire was inserted into the gas 
volume through the normal beam entrance port 
(FIG. 1) to heat the gas while water cooling was 
applied to the target body. The voltage and 
current of the heater coil was monitored along 
with the pressure inside the target and the wa-
ter inlet and outlet temperature. In the case of 
tests with a driven fan blade either the voltage 
applied to the electric motor was monitored or 
the fan speed itself was recorded. By assuming 
the ideal gas law, the pressure gives the average 
bulk temperature and a global heat transfer 
coefficient can be calculated between the target 
gas and the cooling water [2]  
As the bench test target employed a simple 
o-ring seal on the rotating shaft, it was not ro-
bust enough for any tests under beam condi-
tions. Therefore, a prototype design suitable for 
in-beam operation employs a propeller mounted 
on a rotating disc housing two samarium cobalt 
magnets and spinning on two micro-bearings 
which are constructed to operate in high tem-
perature environments. The micro-bearings are 
mounted on a pin projecting from a plate 
mounted to the back of the gas target to allow 
assembly of the fan mechanism prior to attach-
ment to the body (FIG. 2).  
 
Figure 1: Cross-section of typical gas target with 
heating jig inserted. Jig mounts where entrance 
foil is normally mounted. Inner volume is target 
gas pressure vessel, outer volume is water cool-
ing jacket. 
 
Figure 2: Cross-section view of prototype fan 
target. Beam enters from left with fan assembly 
at the back of the target. The fan assembly can 
be removed for inspection or modification. 
The target body was again aluminum. Other 
materials were selected based on their chemical 
inertness and minimal activation, though it is not 
intended that beam will strike the fan assembly. 
No carbon-containing metals or alloys were 
used, and no lubrication of any kind was em-
ployed on the internal propeller assembly. The 
rotating disk inside is driven by an outside rotat-
ing ring also equipped with rare-earth magnets. 
The fan speed was recorded with reed switches 
measuring the rotational frequency of the mag-
nets. Different propeller shapes were tested 
with smoke in a glass tube and the final propel-
ler was optimized for maximum turbulence 
along the beam propagation. 
[11C]CH4 yields were measured after irradia-
tion with a 20 µA proton beam of nitrogen gas 
(with 10% hydrogen) with a fill pressure of 300 
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psig. The irradiated gas was directed over a 
Porapak trap cooled in liquid nitrogen. The 
valves on the entrance and exit of the trap were 
then closed and the trap was inserted into an 
ionization chamber calibrated for 11C. The trap 
was then cooled again. In this fashion, three 
yield measurements were performed for each 
irradiation at different time points after end of 
bombardment (EOB). All yield measurements 
were decay corrected to EOB and averaged over 
each run. 
 
Results and Conclusion 
 
In the bench test operation the fan (about 
10,000 rpm) made a dramatic difference in the 
pressure rise inside the target. A simple alumi-
num cylindrical target filled to 300 psig with 
~400 W of heat applied rises to only 400 psig 
with the fan operating versus 600 psig without, 
see FIG. 3.  
 
Figure 3: Pressure rise as a function of heater 
power in a cylindrical aluminum target filled 
with nitrogen to 300 psig. 
 
Figure 4: Impact on global heat transfer coeffi-
cient of natural versus forced convection caused 
by internal heating. 
The effect of increased natural convection 
currents to the overall heat transfer rate as the 
heat load is increased is seen in FIG. 4. The natu-
ral convection currents (fan off) increase with 
the heating of the gas and presumably improve 
the thermal behaviour due to increased mixing 
and a thinning of the stagnant layer of gas on 
the walls of the target. Operation of the fan 
results in a large increase in the heat transfer 
coefficient but the trend of an increased heat 
transfer rate with increasing power is still ob-
served. 
The prototype for irradiation was commis-
sioned at the TR13 cyclotron with argon gas and 
nitrogen gas (with 10% hydrogen). This target 
has currently a slower fan speed than the bench-
test version, only in the order of 1000 rpm. The 
target valves and pressure transducer are in-
stalled about two meters away from the target 
body, outside of the cyclotron shielding and 
connected via a 1.6 mm inner diameter stainless 
steel line. This long line results in additional 
dead volume, quite in contrast to the bench test 
target which had the target valves mounted 
close to the body. Consequently, a smaller pres-
sure difference between fan-off and fan-on 
operation during irradiation is observed, see FIG. 
5, but it appears that with higher fan speed a 
higher pressure difference could be possible. 
 
Figure 5: Dependence on fan speed of the pres-
sure difference between fan-on and fan-off 
operation during irradiation. Irradiation condi-
tions are 20 µA beam current at 13 MeV beam 
energy and 300 psig of fill pressure. 
Given the small pressure difference, the heat 
transfer coefficient does not increase as dramat-
ically with forced convection in the irradiated 
target as it did inside the target with internal 
heating, see FIG.6. 
 The very preliminary yield results for differ-
ent irradiation lengths can be seen in FIG. 7. So 
far, only one measurement per irradiation dura-
tion has been performed. Within the limited 
statistics, the increase in the saturation yield Asat 
due to the fan operation ranges from 20% for a 
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5 minute irradiation to 57% for a 40 minute 
irradiation. Fitting the formula 
 
Yield = Asat·I·e
-a·t·(1-e-ln2·t/t_1/2 ) 
 
according to [4] results in Asat=71.8±0.5 and 
a=0.0072±0.003 for the fan-on operation and 
Asat=64±2 and a=0.016±0.001 for the fan-off 
operation, suggesting that the fan is indeed 
affecting the target performance. 
 
Figure 6: Impact on global heat transfer coeffi-
cient of natural versus forced convection during 
irradiation. 
 
Figure 7: Yield at EOB for 20 µA beam current at 
13 MeV beam energy and 300 psig of fill pres-
sure (~ 410 psig during irradiation) and a fan 
speed of 1000 rpm. Only one irradiation was 
performed for each data point. The solid line is a 
fit according to [4]. 
 
We have demonstrated that the fan opera-
tion in a gas target does influence the pressure 
during heating whether that is via a heating coil 
or by proton beam irradiation. Fan operation 
may affect the produced yield of [11C]CH4, alt-
hough the limited irradiation conditions tested 
and the limited statistics of the yield measure-
ments must be interpreted cautiously. Further 
experiments, including different fill pressures 
and the production of [11C]CO2 are required to 
determine the mechanism caused by the fan 
operation that may increase the yield of 
[11C]CH4. psi 
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Introduction 
Krypton-81m is a radioactive gas with a half-life 
of 13 s, and found to be useful in many applica-
tions in nuclear medicine, particularly for lung 
perfusion studies and ventilations. Due to high 
demands for 81mKr, we have developed an au-
tomated Krypton system to be installed in one of 
the Cyclotron’s beamlines at King Faisal Special-
ist Hospital and Research Centre (KFSH&RC) and 
to deliver large activity of the radioactive gas. 
 
Material and Methods 
The effective cross section of producing 81Rb is 
between 15 and 30 MeV [1]. Therefore, range 
and stopping power of the effective cross sec-
tion were calculated with respect to gas density 
of 0.0185 g/cm3. This value is equivalent to gas 
density at 5.0 bars at room temperature. SRIM 
calculations resulted in a range of 589 mm. 
However, due to limitation in fabricating such 
long target chamber, the target length is chosen 
to be 250 mm. Attached to the end of target 
body is a special water circulating flange ‘back-
pool’, its purpose is to absorb the rest of the 
energy and protons Bragg peak. The target body 
is made of Aluminum with the inner part being 
electroplated with nickel. The target body is of 
conical shape. The target body is electrically 
isolated from other parts to allow accurate 
beam current reading. 
Pressure sensor
Target body
Backpool
Collimator
Beam Valve
Inner geometry Helium Flange
FIGURE 1. Krypton target attached to the cyclotron 
beamline. A cross section of the target model is also 
displayed. 
 
Full access to the target loading/unloading steps 
is made through touch screen technology (FIG. 2) 
for user access. Additionally, the target control 
system is designed to be protected through 
chain of interlock steps. The production cycle of 
81Rb is explained as follow. Target is evacuated 
to approximately 10−3 mbar before being filled 
with natKr at pressure of 5 bars. At the end of 
bombardment, recovery of natKr is done via cry-
ogenic vessel. Finally, the radioactivity is washed 
with KCl and pushed to Hotcells through the 
nitrogen gas for chemistry processing. Irradia-
tion time was approximately 30 min. 
 
 
FIGURE 1. User interface Touch screen 
 
Results and Conclusion  
Experimental results clearly showed a fairly good 
activity of 81mKr as shown in TABLE 1. In all exper-
iments, the radionuclidic purity of 81mKr was 
above 99.59%. 79mKr and 79Kr were also meas-
ured with a percentage of, respectively, 0.34 and 
0.07 %. Special attention has to be drawn to last 
experiment where the yield significantly in-
creased, due to the period where the KCl left 
inside the target (10 min) before pushing the 
solution to the Hotcells. 
 
I (μA) Pint Pfinal A@EOB Yield (mCi/μAhr) 
10 4.70 6.98 19.99 3.77 
10 4.70 7.14 17.28 3.46 
10 4.70 7.00 22.83 4.15 
10 4.93 7.36 31.16 4.70 
TABLE 1. Experimental results of 81mKr activity 
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Introduction 
High starting radioactivity is usually advanta-
geous for producing radiopharmaceuticals with 
high specific radioactivity. However, the [11C]CH4 
yields from N2-H2 gas target fall short from theo-
retical amounts, as calculated from the cross 
section for the well-known 14N(p,α)11C nuclear 
reaction1. The beneficial effect of increased 
target chamber temperature on [11C]CH4 yields 
has recently been brought forward by us2 and 
others3. In addition to the temperature effect, 
our attention has also been on the hydrogen 
content factor. 
 
This study intends to examine the N2-H2 target 
performance in a substantially larger target 
chamber and at higher temperatures than our 
setup before and compare the results to the 
existing data. 
 
Materials and Methods  
Aluminium bodied custom design target cham-
ber is used in fixed 17 MeV proton beam irradia-
tions. Target chamber is equipped with heating 
elements and cooling circuit for temperature 
control. In addition to the target chamber body 
temperature, the target gas loading pressure 
and irradiation current can be varied.   
 
The irradiation product is collected into an ad-
sorbent trap that was immersed in a liquid argon 
cooling bath within a dose calibrator.  
 
Results and Conclusion 
Pursued data will show [11C]CH4 saturation yields 
(Ysat [GBq/µA]) at different irradiation and target 
parameters.  
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Introduction 
Technetium-99m, supplied in the form of 
99Mo/99mTc generators, is the most widely used 
radioisotope for nuclear medical imaging. The 
parent isotope 99Mo is currently produced in nu-
clear reactors. The NRU reactor in Chalk River 
Canada currently produces 35-40% of the world 
supply and the HFR, the Petten reactor in the 
Netherlands produces another 30%, in total cover-
ing about 70% of global requirements. However, 
both reactors are aging and have experienced 
extended shut downs, particularly in 2009-2010, 
which caused disruptions in the 99Mo supply chain 
[1]. In 2010 the Canadian government made the 
announcement that after 2016 the production of 
Mo-99 at the NRU reactor would no longer be 
supported. This has prompted the development of 
non-reactor based technologies for producing 
Tc99m.  A number of technologies have been in-
vestigated for the production of Mo-99 or via the 
direct production of 99mTc.  
Our approach involves the 
100Mo(p,2n)99mTc reaction on isotopically enriched 
molybdenum using small medical cyclotrons (Ep 
≤20 MeV), which is a viable method for the pro-
duction of clinically useful quantities of 99mTc [2]. 
Multi-Curie production of 99mTc requires a 100Mo 
target capable of dissipating high beam intensities 
[3]. We have reported the fabrication of 100Mo 
targets of both small and large area targets by 
electrophoretic deposition and subsequent sinter-
ing [4]. However, we initially encountered thermal 
transfer issues with the EPD fabricated GE-
Pettrace targets, and ultimately a redesign of this 
target was put into place. As part of our efforts to 
further enhance the performance of these high 
power targets, we have developed a novel system 
based on a pressed and sintered 100Mo plate 
brazed onto a dispersion-strengthened copper 
backing. 
 
 
 
 
 
Materials and Methods 
In the first step, a molybdenum plate is produced 
similarly to the method described in [5] by com-
pacting approximately 1.6 g of commercially avail-
able 100Mo powder (Isoflex; 99.815%) using a cy-
lindrical tool of 20 mm diameter. A pressure be-
tween 25 kN/cm2 and 250 kN/cm2 is applied by 
means of a desktop hydraulic press.  
The pressed molybdenum plate is then 
sintered in a reducing atmosphere (Ar/2% H2) at 
1,700 oC for five hours in a Carbolite tube furnace 
using the same temperature profile as previously 
reported [4]. The resulting 100Mo plates have   
about 90-95% of the bulk density of molybdenum 
with an average thickness of 0.63 mm. 
The 100Mo plate is brazed in a GCF1100 
inert gas furnace at ~750 oC onto a backing manu-
factured from a dispersion strengthened copper 
composite (e.g. Glidcop AL-15) using a high tem-
perature silver-copper-phosphorus brazing filler.  
This process yields a unique, mechanically 
and thermally robust target system for high beam 
power irradiation [Fig. 1]. 
 
 
 
Figure 1. Brazed Mo-Cu Target Disc for GE PET-
trace Cyclotron 
 
Irradiations were performed on the GE 
PETtrace cyclotrons at LHRI and CPDC with 16.5 
MeV protons and beam currents ≥100 µA [Fig. 2]. 
Targets were visually inspected after a 6 hour, 130 
µA bombardment (2.73 kW/cm2, average) and 
were found fully intact. Up to 4.7 Ci of 99mTc have 
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been produced to date. The saturated production 
yield remained constant between 2 hour and 6 
hour irradiations. 
 
 
 
Figure 2. Enriched molybdenum target in capsule 
after irradiation on the GE PETtrace cyclotron.  
 
Results and Conclusion 
It was noted during the Mo-plate fabrication that 
particle size does not have a large effect on the 
final molybdenum pellet. The grain size certainly 
plays a role during sintering and densification, 
however, the molybdenum plates do not require a 
near theoretical density, and therefore the particle 
size variation was not considered to be an issue. It 
was also discovered that some porosity is desira-
ble as it aids in the dissolution of the target in 
preparation for the separation of the technetium 
from the molybdenum.  
The finer grain sizes, particularly in the low micron 
range, were found to affect the flatness of the Mo-
plate. The densification forces are strong enough 
to pull up the edges of the pellet, thus creating a 
bowl shaped piece [Figure 3]. This problem was 
remedied by placing a weight on top that does not 
bond to the molybdenum plate, such as a flat 
piece of alumina [5]. The flatness of the Mo-plate 
is crucial to ensure a good mechanical bond is 
made to the target backing and for good thermal 
conductivity during irradiation, particularly at high 
power densities.  
 We chose to utilize a thick molybdenum 
plate for this particular target design to allow for 
the entire beam energy to be deposited into it, 
due to the fact that copper is highly activated and 
produces long lived 65Zn.  Initially we had designed 
the EPD style target [4] utilizing a tantalum back-
ing, which allows for the deposition of 10 MeV of 
protons into it, as tantalum is not significantly 
activated.  Due to thermal transfer issues with this 
particular design, we chose a copper composite as 
the target backing for its good thermal conductivi-
ty and its relative lower cost compared to tanta-
lum.  
 
 
 
Figure 3. On the left a flat molybdenum plate ver-
sus the right, which contains a curved, sintered 
molybdenum plate. 
 
The size of this makes it suitable for high 
throughput manufacturing. Many pellets can be 
placed in an alumina boat for sintering and for 
brazing [Fig. 4]. The process was found to be very 
robust and highly reproducible.  
 
 
 
Figure 4. Mo-targets in alumina boats 
 
 
The results demonstrate that our brazed 
target assembly can withstand high beam intensi-
ties for long irradiations without deterioration. 
The molybdenum target appears to have no de-
fects after irradiation with visual inspection [Fig. 
3]. The silver-copper braze is a high temperature 
material with a good thermal conductivity, which 
creates a firm bond between the molybdenum 
plate and the backing. This assembly allows for 
high beam power on small orthogonal targets to 
be efficiently dissipated. Efforts are currently un-
derway to determine maximum performance 
parameters.  
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Introduction 
Strontium-82 (t1/2 = 25.5 d) is one of the medical 
isotopes produced on a large scale at the Iso-
tope Production Facility (IPF) of the Los Alamos 
National Laboratory (LANL), employing a high 
intensity 100 MeV proton beam and RbCl tar-
gets. A constant increase in the 82Sr demand 
over the last decade combined with an estab-
lished thermal limit of molten RbCl salt targets 
[1,2] has challenged the IPF’s world leading 
production capacity in recent years and necessi-
tated the consideration of low-melting point 
(39.3 °C) Rb metal targets. Metal targets are 
used at other facilities [3–5] and offer obvious 
production rate advantages due to a higher 
relative density of Rb target atoms and a higher 
expected thermal performance of molten metal. 
One major disadvantage is the known violent 
reaction of molten Rb with cooling water and 
the potential for facility damage following a 
catastrophic target failure. This represents a 
significant risk, given the high beam intensities 
used routinely at IPF. In order to assess this risk, 
a target failure experiment was conducted at the 
LANL firing site using a mockup target station. 
Subsequent fabrication, irradiation and pro-
cessing of two prototype targets showed a tar-
get thermal performance consistent with ther-
mal modeling predictions and yields in agree-
ment with predictions based on IAEA 
recommended cross sections [6]. 
 
 
Material and Methods 
Target failure test: The target failure test bed 
(FIG. 1) was constructed to represent a near 
replica of the IPF target station, incorporating its 
most important features. One of the most vul-
nerable components in the assembly is the In-
conel beam window (FIG. 2) which forms the 
only barrier between the target cooling water 
and the beam line vacuum. The test bed also 
mimicked relevant IPF operational parameters 
seeking to simulate the target environment 
during irradiation, such as typical cooling water 
flow velocities around the target surfaces. While 
the aggressive thermal effects of the beam heat-
ing could not be simulated directly, heated cool-
ing water (45 °C) ensured that the rubidium 
target material remained molten during the 
failure test. A worst case catastrophic target 
failure event was initiated by uncovering an 
oversized pre-drilled pinhole (1 mm Φ) to ab-
ruptly expose the molten target material to fast 
flowing cooling water (FIG. 2).  
 
 
Prototype target irradiations: Two prototype Rb 
metal target containers were fabricated by ma-
chining Inconel 625 parts and by EB welding. The 
target containers were filled with molten Rb 
metal under an inert argon atmosphere. Follow-
ing appropriate QA inspections, the prototype 
targets were irradiated in the medium energy 
slot of a standard IPF target stack using beam 
currents up to 230 µA. After irradiation the tar-
gets were transported to the LANL hot cell facili-
ty for processing and for 82Sr yield verification. 
 
FIGURE 1. Rubidium metal target failure test bed de-
signed to simulate the target environment during 
failure. The mockup target station is on the right. 
 
FIGURE 2. Mockup target station (left) and target carrier 
(right) showing the Rb metal test target with covered, 
pre-drilled pinhole. 
Beam 
window
Cooling
water
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Results and Conclusion  
During the target failure test, cooling water 
conductivity and pressure excursions in the 
target chamber were continuously monitored 
and recorded at a rate of 1 kHz. Video footage 
taken of the beam window and the pinhole area 
combined with the recorded data indicated an 
aggressive reaction between the Rb metal and 
the cooling water, but did not reveal a violent 
explosion that could seriously damage the beam 
window. These observations, together with 
thermal model predictions, provided the neces-
sary confidence to fabricate and fill prototype 
targets for irradiation at production-scale beam 
currents. X-ray imaging of filled targets (FIG. 3) 
shows a need for tighter control over the target 
fill level. One prototype target was first 
subjected to lower intensity (< 150 µA) beams 
before the second was irradiated at production 
level (230 µA) beams. During irradiation, moni-
toring of cooling water conductivity indicated no 
container breach or leak and, as anticipated 
given the model predictions, the post irradiation 
target inspection showed no sign of imminent 
thermal failure (see FIG. 4). Subsequent chemical 
processing of the targets followed an estab-
lished procedure that was slightly modified to 
accommodate the larger target mass. TABLE 1 
shows that post chemistry 82Sr yields agree to 
within 2 % of the in-target production rates
expected on the basis of IAEA recommended 
cross sections. The table also compares 82Sr 
yields from the Rb metal targets against yields 
routinely obtained from RbCl targets, showing 
an increase in yield of almost 50 %. 
 
target (energy window) 
instantaneous produc-
tion rate (µCi/µAh) 
Predicted Measured 
RbCl (63.1-42.2 MeV) 206.9 203.1 
Rb metal (62.0-42.1 MeV) 300.6 296.8 
TABLE 1. Predicted and measured production rates for 
practical RbCl and Rb-metal targets. 
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FIGURE 3. X-ray images of a filled target, showing an 
under-fill. 
  
FIGURE 4. Predicted target temperature distribution at 
full beam current (left) and post irradiation inspection 
of a Rb metal prototype target in the hot cell (right). 
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Introduction 
Sr-82 is produced for PET cardiac imaging at the 
Isotope Production Facility (IPF) with 100-MeV 
proton beams. During irradiation, the target 
material (RbCl, Rb) and Inconel capsule are ex-
posed for extended periods to intense radiation, 
thermally and mechanically induced stresses, 
and chemicals. The structural integrity of the 
Inconel capsules is of crucial importance to con-
taining the target starting materials and pro-
duced Sr-82. Unexpected failure capsules se-
verely affects the reliability of the isotope supply 
chain and increases in radioactive emission and 
wastes, maintenance cost, and personnel radia-
tion exposure. Knowledge of the structural in-
tegrity of a target before irradiation plays an 
important role in that defects may be identified 
and rejected prior to irradiation. In the cases of 
where a breach occurs, the location of the 
breach can be correlated with the inspected 
data.  
 
Material and Methods 
RbCl target failure: IPF has a successful irradia-
tion history of RbCl targets at 230 µA proton 
beam current since the facility commissioning in 
2004. In 2013 run cycle, three targets irradiated 
in the medium energy/B slot (35-65 MeV) [1] 
failed unexpectedly. The failure mode was the 
formation and propagation of cracks at the cor-
ner radius along the edge of the target (FIG. 1a-
b). The common failure location was in the rear 
window relative to the beam direction and at 
the top of the target. These targets failed rela-
tively early in the course of irradiation and typi-
cally after several cycles of beam loss and recov-
ery. 
 
FIG. 1a: RbCl-128B 
target failed at ~18 
mAh. 
 
 
Possible failure mechanisms: A calculated von-
Mises stress analysis at room temperature of an 
Inconel capsule under a static pressure load at 4 
MPa shows a stress concentration at the corner 
radius and deformation of the window (FIG. 2). 
FIG. 1b: RbCl target 141B (left) and 144B (right) failed 
at ~12 mAh and ~25 mAh, respectively. 
Additionally, a beam loss and recovery pro-
cess causes the capsule windows to fatique 
especially at the corner due to a thermal and 
pressure cyclic loading. Furthermore, there is a 
thermal stress within the window due a temper-
ature gradient resulting from nonuniform heat-
ing by the donut-shaped IPF beam [2]. Finally, Cl 
vapor in the void region or Rb liquid at the top of 
the target where the highest temperature of 
target material (RbCl or Rb) is expected may 
have contribution to a stress-corrosion cracking. 
An individual or a combination of these mecha-
nisms aggrevate target failure if defects (voids, 
cracks, or thinning) exist. When the applied 
stress exceeds the ultimate tensile strength of 
Inconel, the target is likely to fail at these loca-
tions. 
FIG. 2: Typical von-Mises stress at 4 MPa pres-
sure load at room temperature.  
Non-destructive evaluation methods: Digital 
radiographic images were generated using a 
Philips 450 x-ray source set to 150-190 keV and 
a Varian panel detector. Ultrasonic (UT) ampli-
tude and time-of-flight (TOF) images were gen-
erated with a spherically-focused transducer 
operated at 50 MHz. Amplitude measurement 
was used in inspection and TOF measurement 
was used specifically to determine thicknesses 
of the windows. 
63
1Corresponding author, E-mail: hbach@lanl.gov 
 
Results 
Inconel capsule halves: Radiographic images of 
the front and rear parts of 7 RbCl A targets (~65-
95 MeV) and 7 RbCl B targets prior to target 
assembly (FIG. 3). For target A halves (left two 
columns), there is some variation in thickness 
between the front and rear parts. Other than 
thickness variation, no other defects (inclusions, 
voids, cracks) was detected. For target B halves 
(right two columns), all rear parts exhibit thin-
ning around their edges, whereas the front parts 
appear more uniform. 
 
FIG. 3:  Radiographic images of rear and front 
halves of 7 RbCl A targets (left) and 7 RbCl B 
targets (right). 
 
UT TOF images were performed on 4 target A 
halves (155, 156, 157, and 159) and 7 target B 
halves (154-160). The rear window of 155A ap-
pears to thin out (~12.5%) near the rim on the 
right half. The front of 159A shows a similar 
thinning (~ 15%) near the rim on the left half. 
Although there is a thinning along the edges, all 
parts except 159A front have an average thick-
ness within the stated specification (0.0120” ± 
0.0005”) (TABLE 1). 
Similarly to radiographic data, UT TOF data 
confirm a thinning towards the edges of the 
window on most of target B parts. Only images 
of 155B are illustrated in FIG. 4. Significant thin-
ning (15%) is observed on 154B (front & rear), 
and the rear windows of 155B, 157B, 158B, and 
159B. Although there is a thinning, all parts have 
an average thickness within the stated specifica-
tion (0.0120” ± 0.0005”) except for the rear 
windows of 154B and 155B. No inclusions or 
voids are apparent in any of the parts. 
 
Target 
ID 
Rear Front 
155A -0.80% 6.70% 
156A 3.30% -3.30% 
157A -0.80% 7.50% 
159A 5.80% 11.70% 
TABLE 1. Average deviation values from the de-
sign specification for the window thickness 
measured with ultrasonic TOF method. 
  
 
 
FIG. 4: UT TOF for threshold/thickness measure-
ment of 155B rear (left) and front (right). 
 
RbCl filled targets: For comparison purpose, 
three B (130, 135, and 147) and two A (137 and 
147) filled targets were evaluated. Radiographic 
data show no defects in the Inconel capsules 
while the RbCl pucks have numerous features 
(cracks, voids). The images of targets 130B and 
135B illustrate the basic conditions of the RbCl 
pucks (FIG. 5). 
  
FIG. 5: Radiographic images of RbCl-130B (left) 
and 135B (right) targets with voids and cracking 
structure. 
 
UT TOF images of targets 130B and 135B rear 
and front windows are illustrated in FIG. 6. Aver-
age thicknesses of 0.011-0.014” for both rear 
and front windows of all 5 targets are within the 
stated specification. However, there is thinning 
rear rear front front 
154B 
155B 
156B 
157B 
158B 
159B 
160B 
0.009 0.010 0.011 0.012 0.013 in 
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Local 
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around the edge of the target 135B front win-
dow. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 6:  UT TOF images of the rear (top row) and 
front (bottom row) windows of target 130B (left) 
and 135B (right). 
 
Rb empty capsule: Radiograph of an unfilled 
Inconel capsule with and the fill tube is shown in 
FIG. 7. The pre-drilled 1-mm OD pinhole on the 
front window can be easily detected with the 
instrument’s detection limits of 30-µm pinhole 
and 5-µm crack. There is no other visible defect 
or thickness variation. This target was filled with 
Rb to characterize the reaction released Rb 
through the pinhole with water and its effects 
on equipment. 
 
 
 
 
 
 
 
 
 
FIG. 7:  Radiographic image of the entire capsule 
(left) and the fill tube (right). 
 
Rb metal filled targets: Radiographs of two Rb 
metal filled targets show the front and side 
views of Rb distribution and fill tube (FIG. 8). 
Voids are visible throughout the Rb and small 
amount of Rb remaining in the fill tube. TOF 
results indicate the average thicknesses of 
0.0201-0.0214” for both rear and front windows 
of 2 targets. Except the 2B front window, all 
thicknesses are within stated specification 
(0.020” ± 0.0005”). 
UT TOF images for the rear and front of each 
target capsule are shown in FIG. 9. Moiré pat-
terns are likely caused by a combination of 
stress arising in the manufacturing/filling pro-
cess and some degree of measurement artifact. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 8:  Radiographs of Rb metal filled 1B (top) 
and 2B (bottom) targets. 
 
Target 1B windows exhibit uniform thickness 
across the bulk of the diameter, with the front 
window being slightly thinner overall than the 
rear. There is slight thinning observed near the 
edges on both windows. Thinning is more pro-
nounced on the left side of the rear window 
than the right side of the front window.  
 
 
 
FIG. 9:  TOF images of the rear (left) and front 
(right) windows of target 1B (top) and 2B (bot-
tom). 
 
Target 2B shows a more pronounced distor-
tion particularly on the rear window. The rear 
window appears to have a slightly thinner con-
centric region approximately one-quarter of 
diameter in. The front window displays good 
thinning 
0.009 0.010 0.013 0.014 0.016 in 
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uniformity, with slight thinning along the inner 
edge of the left. Both targets 1B and 2B were 
successfully irradiated up to 230 µA for 2 hours. 
Higher beam current and longer irradiation of Rb 
targets is underway. 
 
Conclusion 
Radiographic and ultrasonic methods were used 
in non-destructive evaluation of pre-assembly 
Inconel parts and fully assembled RbCl and Rb 
targets. These studies show the potential to 
identify defective parts and/or targets prior to 
irradiation, to provide useful information for 
improving target manufacturing process, and to 
enable better decision-making in managing risks 
of target failure. The results also have target 
quality assurance potential, enable comparison 
of target features and document data for future 
interpretation of target failure. The benefits of 
non-destructive evaluation include improved 
target reliability, reduced target failure rate, 
reduced revenue loss and increased productivity 
of Sr-82.  
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Introduction 
Rhenium-186 has a half-life (t1/2 = 3.72 days) and 
emission of both gamma and beta particles that 
make it very attractive for use as a theranostic 
agent in targeted radionuclide therapy. 186Re can 
be readily prepared by the 185Re(n,γ)186Re reac-
tion1. However, that reaction results in low spe-
cific activity, severely limiting the use of reactor 
produced 186Re in radiopharmaceuticals. It has 
previously been shown that high specific activity 
186Re can be produced by cyclotron irradiations 
of 186W with protons and deuterons2,3. In this 
investigation we evaluated the 186W(d,2n)186Re 
reaction using thick target irradiations at higher 
incident deuteron energies and beam currents 
than previously reported. We elected not to use 
copper or aluminum foils in the preparation of 
our 186W targets due to their activation in the 
deuteron beam, so part of the investigation was 
an evaluation of an alternate method for prepar-
ing thick targets that withstand μA beam cur-
rents.  
Materials and Methods 
Irradiation of 186W. Initial thick targets (~600-
1100 mg) were prepared using 96.86% enriched 
186W by hydraulic pressing (6.9 MPa) of tungsten 
metal powder into an aluminum target support. 
Those thick targets were irradiated for 10 
minutes at 10 µA with nominal extracted deu-
teron energies of 15, 17, 20, 22, and 24 MeV.  
Isolation of 186Re. Irradiated targets were dis-
solved with H2O2 and basified with (NH4)2CO3 
prior to separation using column(s) of ~100–300 
mg Analig Tc-02 resin. Columns were washed 
with (NH4)2CO3 and the rhenium was eluted with 
~80˚C H2O. Gamma-ray spectroscopy was per-
formed to assess production yields, extraction 
yields, and radionuclidic byproducts.  
Recycling target material. When tested on a 
natural abundance W target, recovery of the 
oxidized WO4
- target material from the resin was 
found to proceed rapidly with the addition of 
4M HCl in the form of hydrated WO3. The excess 
water in the WO3 was then removed by calcina-
tion at 800 °C for 4 hours. This material was 
found to undergo reduction to metallic W at 
elevated temperatures (~1550 °C) in a tube 
furnace under an inert atmosphere (Ar). Quanti-
fication of % reduction and composition anal-
yses were accomplished with SEM, EDS, and XRD 
and were used to characterize and compare 
both the WO3 and reduced Wmetal products to a 
sample of commercially available material. 
Structural enhancement by surface annealing. In 
some experiments ~1 g WO3 pellets were pre-
pared from Wmetal that had been chemically 
treated to simulate the target material recovery 
process described above. Following calcination, 
the WO3 was allowed to cool to ambient tem-
perature, pulverized with a mortar and pestle 
and then uniaxially pressed at 13.8 MPa into 13 
mm pellets. Conversion of the WO3 back to 
Wmetal in pellet form was accomplished in a tube 
furnace under flowing Ar at 1550 °C for 8 hours. 
Material characterization and product composi-
tion analyses were conducted with SEM, EDS, 
and XRD spectroscopy. 
Graphite-encased W targets.  Irradiations were 
conducted at 20 μA with a nominal extracted 
deuteron energy of 17 MeV using thick targets 
(~750 mg) of natural abundance tungsten metal 
powder uniaxially pressed into an aluminum 
target support between layers of graphite pow-
der (100 mg on top, 50 mg on the bottom) 
(FIG. 1). Targets were then dissolved as previous-
ly described and preliminary radiochemical isola-
tion yields obtained by counting in a dose cali-
brator.  
(a)  (b)  
FIGURE 1. Structurally augmented graphite-tungsten 
sandwich pressed target pellets (a) in and (b) outside 
of the aluminum target support) 
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Results and Conclusion 
Although irradiations of W targets were possible 
at 10 μA currents, difficulties were encountered 
in maintaining the structural integrity of the full-
thickness pressed target pellets under higher 
beam currents. This led to further investigation 
of the target design for irradiations conducted at 
higher beam currents. Comprehensive target 
material characterization via analysis by SEM, 
EDS, XRD, and Raman Spectroscopy allowed for 
a complete re-design of the target maximizing 
the structural integrity of the pressed target 
pellet without impacting production or isolation.  
At the 10 µA current, target mass loss following 
irradiation of an enriched 186W target was < 1 % 
and typical separation yields in excess of 70 % 
were observed. Saturated yields and percent of 
both 183Re (t½ = 70 days) and 
184gRe (t½ = 35 days) 
relative to 186gRe (decay corrected to EOB) are 
reported in TABLE 1 below. The reason for the 
anomalously low yield at 24 MeV is unknown, 
but might be explained by poor beam alignment 
and/or rhenium volatility during irradiation. 
 
Ed 
[MeV] 
186gRe Ysat 
[GBq/uA] 
183Re/186gRe 
[%] 
184gRe/186gRe 
[%] 
15 1.47 ± 0.08 0.045 ± 0.003 0.38 ± 0.02 
17 1.81 ± 0.09 0.131 ± 0.007 0.39 ± 0.02 
20 1.96 ± 0.11 0.311 ± 0.021 0.45 ± 0.03 
22 2.27 ± 0.12 0.448 ± 0.023 1.41 ± 0.07 
24 1.61 ± 0.07 0.610 ± 0.042 4.43 ± 0.27 
TABLE 1. Saturated yields and relative isotopic abun-
dances in the enriched 186W target at EOB. 
Under these irradiation conditions, recovery 
yields of the W target material from the recy-
cling process were found to be in excess of 90% 
with no discernable differences noted when 
compared to commercially available Wmetal and 
WO3 (FIG. 2).  
 
FIGURE 2. (Left panel) SEM image of target material 
after 1550 °C under Ar, and (right panel) Energy Dis-
persive X-Ray Spectroscopy analysis of material that 
was chemically processed 
Conceptually, increasing the structural integrity 
of pressed WO3 targets by high temperature 
heat treatment under an inert atmosphere is 
intriguing. However, the treated pellets lacked 
both density and structural stability resulting in 
disintegration upon manipulation (FIG. 3), de-
spite the initially encouraging energy dispersive 
X-ray spectroscopy (EDS) determination that 
94.9% percent of the WO3 material in each pel-
let had been reduced to metallic W. 
 
FIGURE 3. Targets containing 13 mm Wmetal pellet made 
by reduction of uniaxially pressed WO3. The cracks 
and indentations are indicative of the integrity issues 
that arise from incomplete pellet densification.  
The use of powdered graphite as a target stabi-
lizing agent provided successful irradiation of 
natural abundance W under conditions where 
non-stabilized targets failed (20 µA at 17 MeV 
for 10 minutes). Target mass loss following irra-
diation of a natW target was < 1 % and a separa-
tion yield in excess of 97 % was obtained. 
In conclusion, the theranostic radionuclide 186Re 
was produced in thick targets via the 186W(d,2n) 
reaction. It was found that pressed W metal 
could be used for beam currents of 10 μA or 
less. For deuteron irradiations at higher beam 
currents, a method involving pressing W metal 
between two layers of graphite provides in-
creased target stability. Both target configura-
tions allow high recovery of radioactivity from 
the W target material, and a solid phase extrac-
tion method allows good recovery of 186Re. An 
effective approach to the recycling of enriched 
W has been developed using elevated tempera-
ture under an inert atmosphere. Further studies 
are underway with 186W targets sandwiched by 
graphite to assess 186Re production yields, levels 
of contaminant radiorhenium, power deposi-
tion, and enriched 186W material requirements 
under escalated irradiation conditions (20 µA 
and 17 MeV for up to 2 hours). 
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Introduction 
Zr-89 is a useful radionuclide for radiolabeling 
proteins and other molecules.1,2 There are many 
reports of cyclotron production of 89Zr by the 89Y 
(p,n) reaction. Most irradiations use thin metal 
backed deposits of Y and irradiation currents up 
to 100 µA or thicker amounts of Y or Y2O3 with  
~ 20 µA irradiations.3,4  We are working to de-
velop high specific activity 89Zr using a low ener-
gy 11 MeV cyclotron. We have found that target 
Y metal contains carrier Zr and higher specific 
activities are achieved with less Y. The goal of 
this work was to optimize yield while minimizing 
the amount of Y that was irradiated.  
 
Material and Methods  
All irradiations were done using a Siemens 
Eclipse 11 MeV proton cyclotron. Y foils were 
used for the experiments described here. Y2O3 
was tried and abandoned due to lower yield and 
poor heat transfer. Yttrium metal foils from Alfa 
Aesar, ESPI Metals and Sigma Aldrich, 0.1 to  
1 mm in thickness, were tested. Each foil was 
irradiated for 10 to 15 minutes. 
The targets to hold the Y foils were made of 
aluminum and were designed to fit within the 
“paper burn” unit of the Siemen’s Eclipse target 
station, allowing the Y target body to be easily 
inserted and removed from the system. Several 
Al targets of 2 cm diam. and 7.6 cm long were 
tested with the face of the targets from 11, 26 or 
90o relative to the beam to vary watts cm−2 on 
the foil. The front of the foils was cooled by He 
convection and the foil backs by conduction to 
the Al target body. The target body was cooled 
by conduction to the water cooled Al sleeve of 
the target holder. 
 
Results and Conclusion  
The best target was two stacked, 0.25 mm thick, 
foils to stop beam. 92% of the 89Zr activity was in 
the front 0.25 mm Y foil. With the greatest slant 
we could irradiate up to 30 µA of beam on tar-
get. However, the 13×30 mm dimensions of the 
foil was more mass (0.41 g) and lower specific 
activity than was desired. Redesign of the target 
gave a target 90o to the beam with 12×12 mm 
foils (0.15 g/foil) that were undamaged with up 
to 30 µA irradiation when two foils were used. 
This design has a reduction in beam at the edges 
of ~10%. With this design, a single Y foil, 0.25 
mm thick sustained over 31 µA of beam and a 
peak power on target of 270 watts cm−2. The 
product was radionuclidically pure 89Zr after all 
89mZr and small amounts of 13N produced from 
oxygen at the surface had decayed (TABLE 1). 
 
 
Yield MBq / µA hr 
Two Y foils    Single Y  foil 
Average 21.2 21.6 
Std Deviation 1.2 2.4 
No. of runs 10 5 
TABLE 1. Average 89Zr yields at EOB for single and 2 
stacked 0.25 Y foils from 10 to 31 µA irradiations using 
an 11 MeV cyclotron onto aluminum target body 90o 
to beam.  
 
Our conclusion is that the optimum target is a 
single 0.25 mm thick Y foil to obtain the greatest 
specific activity at this proton energy. This pro-
duces 167 MBq of 89Zr at EOB with a 15 minute 
and 31 µA irradiation. We are continuing to 
redesign the clamp design to reduce losses at 
the edge of the beam. 
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Introduction  
A new high current (up to 50 kW) solid target 
irradiation system is being built. While retaining 
the same beam power capability of the previous 
target generation, the system is a totally new 
design with many improvements, simplified 
constriction, more reliable operation and a novel 
approach to target handling, beam collimation 
and beam diagnostic.  
Unlike the previous, three-part soldered target, 
the new target is fabricated from a single piece 
of metal. 
 
Material and Methods 
The target (or rather the target-material holder) 
is a single metal plate (usually copper or silver) 
incorporating the seals and the cooling channels 
(FIG. 1). The target is placed in the beam at 7°. 
Depending on target material and coolant flow 
the target can handle beam powers up to 50 kW 
(FIG. 2). 
 
 
FIGURE 1. Target view and section 
 
 
General view of the target station is presented 
in FIG. 2. 
The target station consists of 5 main modules: 
 
1. Insulated target chamber 
2. Landing terminal 
3. Manipulator 
4. Collimator and mask box  
5. Vacuum system  
 
 
 
FIGURE 2. Thermal modelling: 50 kW beam (42.5 kW on 
target, 7.5 kW on collimator), 40 L/min water flow 
 
Target transfer (utilizing a special shuttle) is 
pneumatic. Part of the transfer pipe is shown 
above the target station. 
 
 
 
FIGURE 2. Target station modules 
 
Except the target o-rings (a part of each target) 
there are no elastomer seals in the system; all is 
of soldered/welded construction and metal 
seals.  
Sectional view (FIG. 3.) shows that target in place 
in the chamber. The target and the chamber are 
electrically insulated from the rest of the sys-
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tem, thus forming a Faraday cup for accurate 
current measurement.  
 
 
 
FIGURE 3. Sectional view of the target chamber 
 
The collimator is formed of a two part silver 
casting. It is designed to handle up to 10 kW of 
beam power. Four-sector silver mask in front of 
the collimator allows precise beam cantering.  
The collimator parts were cast using 3D printed 
wax patterns. This allowed to create a complex 
pattern of cooling channels that are difficult to 
produce by machining (FIG. 4.) 
 
 
 
FIGURE 4. Collimator parts after casting 
 
All the actions of target shuttle landing and the 
target placing are performed by three air cylin-
ders. All three are fitted with Vespel SP22 (Du 
Pond) seals.  
Unlike previous systems that used mechanical 
grabbers to manipulate the target, low vacuum 
is employed to hold the target during removal 
from the shuttle and placing in the irradiation 
chamber. This greatly simplifies the operation 
and is more reliable.  
The pneumatic transfer system is using two 
vacuum producer to transfer the target shuttle 
between the target station and the hotcell. Both 
landing terminals in the target station and 
hotcell, as well as the transfer line itself, are 
under negative pressure preventing any spread 
of contamination.  
The hotcell landing terminal incorporates a fully 
automatic target-material dissolution system. 
After landing, the target is removed from the 
shuttle and the active face pressed against a 
reaction vessel where the dissolution takes place 
(FIG. 5.) 
All the functions of target transfer, placing and 
manipulations are controlled by a simple PLC 
(FMD88-10 PLC, Triangle Research)  
 
 
 
FIGURE 5. Hotcell landing terminal and target-material 
dissolution unit 
 
Results and Conclusion 
 
While intended mostly for cladding with metallic 
target materials, a special version of the target 
was designed to handle salts or oxides that can 
be fused and retained in grooves on the target 
face (FIG. 6.) Despite the poor thermal conduc-
tivity of most of those materials, this target can 
handle high beam currents.  
 
 
 
FIGURE 6. Grooved target face with rubidium chloride 
fill. 
 
FIGURE 7 shows a thermal modelling of the cen-
tral 10×25 mm segment of the target (highest 
heat flux region under a Gaussian beam). Copper 
target with rubidium chloride fused in 0.8 mm 
wide and 1.7 mm deep grooves and spaced by 
0.5 mm (60% coverage). Beam of 70 MeV energy 
and 400 μA intensity is collimated 20 % (320 μA 
on target). Cooling-water flow is set to 25 l/min. 
71
1Corresponding author, E-mail: gelbart@asd-inc.ca 
Cladding the target face with a thin metallic 
layer can help containing the target material. 
This process is currently under development. 
 
 
 
FIGURE 7. Grooved target thermal modelling 
 
Most aspects of the system operation and con-
striction were successfully used in the previous 
“generations” of targets in the last 30 years. The 
new system will provide improved performance 
with a simpler and more reliable design, lower 
maintenance and lower consumables cost.  
FIGURE 8 shows the “4th generation” system and 
target (2005). Dozens variants of this design are 
in use all over the word. 
 
 
 
FIGURE 8. “4th generation” target station (2005). Tar-
get and shuttle (insert) 
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Introduction 
Radioisotopes play an important role in nuclear 
medicine and represent powerful tools for imaging 
and therapy. With the extensive use of 99mTc-
based imaging agents, therapeutic rhenium 
analogues are highly desirable. Rhenium-186 
emits therapeutic β− particles with an endpoint-
energy of 1.07 MeV, allowing for a small, targeted 
tissue range of 3.6 mm. Additionally, its low 
abundance γ-ray emission of 137.2 keV (9.42 %) 
allows for in vivo tracking of a radiolabeled 
compounds and dosimetry calculations. With a 
longer half-life of 3.718 days, synthesis and 
shipment of Re-186 based radiopharmaceuticals is 
not limited. Rhenium-186 can be produced either 
in a reactor or in an accelerator. Currently, Re-186 
is produced in a reactor via the 185Re(n,γ) reaction 
resulting in low specific activity which makes its 
therapeutic application limited.[1] Production in an 
accelerator, such as the PETtrace at the University 
of Missouri Research Reactor (MURR), can 
theoretically provide a specific activity of 34,600 
Ci.mmol−1 Re[2], which represents a 62 fold 
increase over reactor produced 186Re. 
 
The studies reported herein focused on the 
evaluation of accelerator-based reaction pathways 
to produce high specific activity (HSA) 186Re. Those 
pathways include proton and deuteron bombard-
ment of tungsten and osmium targets by the 
following reactions: 186W(p,n)186Re, 186W(d,2n) 
186Re, 189Os(p,α)186Re, and 192Os(p,α3n)186Re. Addi-
tional information on target design related to the 
determination and optimization of production 
rates, radionuclidic purity, and yield are pre-
sented. 
 
Material and Methods 
Osmium and tungsten metals are very hard and 
thus very brittle. Attempts at pressing the pure 
metal into aluminum backings resulted in chalky 
targets, which easily crumbled during handling. 
Osmium disulfide (OsS2) and tungsten disulfide 
(WS2) were identified to provide a softer, less 
brittle chemical form for targets. 
 
OsS2 and WS2 targets were prepared using a 
unilateral press with a 13 mm diameter die to 
form pressed powder discs. A simple target holder 
design (FIG. 1) was implemented to provide a 
stabilizing platform for the pressed discs. The 
target material was sealed in place with epoxy 
using a thin aluminum foil pressed over the target 
face.  
 
 
FIGURE 1. Aluminum backing design. 
 
Initial irradiations of OsS2 were performed using 
the 16 MeV GE PETtrace cyclotron at MURR. 
Irradiations were performed for 30–60 minutes 
with proton beam currents of 10–20 µA. Following 
irradiation, the OsS2 targets were dissolved in 
NaOCl and the pH adjusted using NaOH. The 
resultant aqueous solution was mixed with methyl 
ethyl ketone (MEK), with the lipophilic perrhenate 
being extracted into the MEK layer and the 
osmium and iridium remaining in the aqueous 
layer. The MEK extracts were then passed through 
an acidic alumina column to remove any remain-
ing osmium and iridium. Determination of rhe-
nium and iridium activities was done by gamma 
spectroscopy on an HPGe detector (TABLE 1). 
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Isotope t1/2 Gamma Energy (Intensity) 
186Ir 16.64 h 137 (23%), 297 (8.6%) 
187Ir 10.5 h 912 (4.3%) 
188Ir 1.72 d 155 (30%), 1210 (6.9%) 
189Ir 13.2 d 245 (6%) 
190Ir 11.8 d 187 (52%) 
186Re 3.718 d 137 (9.47%) 
188Re 17.004 h 155 (15.61%) 
189Re 24 h 216 (5.5%) 
TABLE 1. Identified iridium and rhenium isotopes with 
their half-lives and utilized gamma emissions. 
 
Preliminary irradiations on WS2 targets were 
performed at MURR with the beam degraded to 
14 MeV with a proton beam current of 10 µA for 
60 minutes. After irradiation, WS2 was dissolved 
using 30% H2O2 with gentle heating and counted 
on an HPGe detector to determine the radio-
nuclides produced. 
 
Results and Conclusion 
Thin natOsS2 targets were produced, irradiated at 
16 MeV for 10 µAh, and analyzed for 
radiorhenium. Under these irradiation conditions, 
rhenium isotopes were produced in nanocurie 
quantities while iridium isotopes were produced in 
microcurie quantities (TABLE 2). Future studies with 
higher proton energies are planned to increase the 
production of rhenium and decrease the 
production of iridium. After optimizing irradiation 
conditions, enriched 189Os will be used for 
irradiations to reduce the production of unwanted 
radionuclides. 
 
Isotope Activity  (All aliquots) 
186Ir 3.00 µCi 
187Ir 143. µCi 
188Ir 10.0 µCi 
189Ir 9.00 µCi 
190Ir 1.34 µCi 
186Re 4.99 nCi 
188Re 4.19 nCi 
189Re 6.58 nCi 
TABLE 2. Activities of produced iridium and rhenium 
isotopes at end of bombardment. 46 mg OsS2 target, 16 
MeV protons, 10 µAh.  
 
A liquid-liquid extraction method separated the 
bulk of the rhenium from the iridium. The majority 
of the rhenium produced was recovered in the 
first organic aliquot with little iridium observed 
while the majority of the iridium and osmium was 
retained in the first aqueous aliquot.  
 
Target production with WS2 was successful. A thin 
target of natWS2 was produced and irradiated at 14 
MeV for 10 µAh. Under these irradiation 
conditions, several rhenium isotopes were 
produced in microcurie quantities. Target 
parameters to maximize 186Re production remain 
to be determined before enriched 186W targets are 
used for irradiations to reduce the production of 
unwanted radionuclides. 
 
In conclusion, the potential production routes for 
accelerator-produced high specific activity 186Re 
are being evaluated. Cyclotron-based irradiations 
of natOsS2 targets established the feasibility of 
producing rhenium via the natOs(p,αxn)Re 
reaction. Current results indicate higher proton 
energies are necessary to reduce the production 
of unwanted iridium isotopes while increasing the 
production of rhenium isotopes. Preliminary 
irradiations were performed using the 50.5 MeV 
Scanditronix MC50 clinical cyclotron at the 
University of Washington to determine irradiation 
parameters for future higher energy irradiations 
(20–30 MeV). A rapid liquid-liquid extraction 
method isolated rhenium from the bulk of the 
iridium and osmium following irradiation. 
Preliminary studies indicate WS2 may also provide 
a suitable target material to produce 186Re via the 
(p,n) reaction pathway. 
 
References 
1. G. J. Ehrhardt, M. E. Blumer, F. M. Su, J. L. 
Vanderheyden, A. R. Fritzberg: Appl. Radiat. 
Isot. 48, pp. 1–4, 1997. 
2. M.L. Bonardi, F. Groppi, S. Manenti, E. Persico, 
L. Gini: Appl. Radiat. Isot. 68, pp. 1595–1601, 
2010. 
 
Acknowledgments 
The authors would like to thank the University of 
Missouri Research Reactor staff and the University 
of Washington Clinical Cyclotron staff for 
conducting the irradiations necessary for this 
research. We would like to acknowledge the 
support of the United States Department of 
Energy through the Office of Science, Nuclear 
Physics (DE-SC0007348) and trainee support from 
the National Science Foundation under IGERT 
award DGE-0965983 (M.D. Gott) for funding this 
work. 
74
1Corresponding author, E-mail: lapis@mir.wustl.edu 
Isotope Harvesting at Heavy Ion Fragmentation Facilities 
T. Mastrena, A. Penb, G. F. Peasleeb, N. Wosniakb, S. Lovelessc, S. Essenmacherb, L. Sobotkaa, D. Morrisseyd, 
S. E. Lapia,c* 
aDepartment of Chemistry, Washington University in St. Louis, St. Louis, MO 
bDepartment of Chemistry, Hope College, Holland, MI 
cDepartment of Radiology, Washington University in St. Louis, St. Louis, MO 
dDepartment of Chemistry, Michigan State University, East Lansing, MI 
 
 
Introduction  
The National Superconducting Cyclotron Labora-
tory (NSCL) is a national nuclear physics facility 
in which heavy ion beams are fragmented to 
produce exotic nuclei. In this process of frag-
mentation many nuclei are created, however, 
only one isotope is selected for experimenta-
tion.  The remaining isotopes that are created go 
unused.  The future upgrade of the NSCL to the 
Facility for Rare Isotope Beams (FRIB) will in-
crease the incident energy of these heavy ion 
beams and amplify the current by three orders 
of magnitude. An aqueous beam dump will be 
created to collect the unused isotopes created in 
the process of fragmentation. Several of these 
isotopes are of interest for many applications 
including nuclear security, medical imaging, and 
therapy and are not currently available or are 
only available in very limited supply. Harvesting 
these isotopes from the aqueous beam dump 
could provide a consistent supply of these im-
portant isotopes as an ancillary service to the 
existing experimental program. 
 
Material and Methods  
A liquid water target system was designed and 
tested to serve as a mock beam dump for exper-
iments at the NSCL1. A 25 pnA 130 MeV/u 76Ge 
beam was fragmented using a 493 mg/cm2 thick 
beryllium production target. After fragmentation 
the beam was separated using the A1900 frag-
ment separator2 set up for maximum 67Cu pro-
duction using a 240 mg/cm2 aluminum wedge 
and a 2% momentum acceptance. The second-
ary beam was collected for four hours in the 
liquid water target system before being trans-
ferred to a collection vessel. Four additional four 
hour collections were made before finally ship-
ping the five collections to Washington Universi-
ty and Hope College for chemical separation. 
Four of the five samples were separated using a 
two part separation scheme. First they were 
passed through and 3M Empore iminodiacetic 
acid functionalized chelation disk in a 1.25M 
ammonium acetate solution at pH 5. The flow 
through was collected and analyzed using an 
HPGe detector. Then 10mL of 6M HCl acid was 
passed through the chelation disk to remove the 
2+ transition metals. The 10mL of 6M HCl acid 
was collected after passing through the disk and 
added to an anion-exchange column with 2.5 g 
AG1-X8 resin. The eluate was collected and then 
an additional 10mL of 6M HCl was passed 
through the column to remove the nickel. The 
67Cu was then collected by passing 10mL of 0.5M 
HCl and the eluate was collected in 1mL frac-
tions each analyzed by HPGe for 67Cu concentra-
tion and purity. The two highest 67Cu fractions 
were heated to dryness and reconstituted in 
50 μL 0.1M ammonium acetate pH 5.5. 
2 μL of 7.9 mg/mL NOTA-Bz-Trastuzumab was 
added to 45 μL of 67Cu and 3 μL 0.1M ammoni-
um acetate pH 5.5. This solution was placed in a 
shaking incubator at 37 °C for twenty minutes 
and then analyzed by radio-instant thin layer 
chromatography in order to determine the per-
cent of 67Cu bound to the antibody. 
 
Results and Conclusion  
67Cu was collected into the liquid water target 
system with an average efficiency of 85 ± 5 %. 
The secondary beam was 73 % pure with the 
impurities, half-lives greater than 1 minute, 
listed in TABLE 1. 
 
Nuclide Half-life pps 
66Ni 2.28 d 4.39E3 
65Ni 2.52 h 1.82E6 
70Ga 21.14 min 7.60E3 
66Cu 5.12 min 9.59E5 
62Fe 68 s 2.79E3 
68Zn stable 5.12E6 
TABLE 1. Impurities in the secondary beam with half-
lives greater than one minute 
 
Separation of 67Cu from the impurities resulted 
in an average recovery of 88 ± 3 % for a total 
recovery of 67Cu from the beam and separation 
of 75 ± 4 %. No detectable radioactive impurities 
were found in the final samples when analyzed 
using an HPGe detector. TABLE 2 shows the 
amount of 67Cu collected from the beam and the 
amount recovered decay corrected to end of 
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bombardment. Labeling NOTA-Bz-Trastuzumab 
with 67Cu resulted in > 95 % radiochemical yield. 
 
Run 
Activity 
in Beam 
(MBq) 
Activity  
Collected 
(MBq) 
Activity  
Recovered 
(MBq) 
1 518 (33) 458 (9) N/A 
2 517 (32) 452 (9) 382 (8) 
3 492 (30) 425 (8) 371 (7) 
4 482 (29) 403 (8) 339 (7) 
5 492 (31) 395 (8) N/A 
 
 
 
 
 
 
 
 
 
 
TABLE 2. Activity in the beam, collected in the water, 
and recovered after separation chemistry (all values 
decay corrected to end of bombardment). 
 
Collection of the 73 % pure 67Cu beam in water 
and the resulting separation proved successful. 
These results demonstrate that radioisotopes 
can be collected from fragmented heavy ion 
beams and isolated in usable quantities and 
purity for many radiochemical applications. 
Further experimentation with an unpurified 
beam to better simulate conditions in the beam 
dump at the Facility for Rare Isotope Beams will 
be performed in the near future. 
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Introduction 
Ge-68 (t1/2= 270.8 d, 100% EC) is an important 
radionuclide for two reasons: 1) once in equilib-
rium with its daughter nuclide 68Ga (t1/2= 68 min, 
89% β+, 3% 1077 keV γ), it can be used as a posi-
tron source for attenuation correction and cali-
bration of PET/MRI scanners; and 2) it can be 
employed as a generator of 68Ga for radiophar-
maceutical preparation. 
Ge-68 is produced using natural gallium 
(60.1% 69Ga, 39.9% 71Ga) as target material for 
proton bombardment at energies >11.5 MeV, 
the threshold energy for 69Ga(p,2n)68Ge . Galli-
um targetry, however, is challenging due to its 
low melting point (39°C) and corrosivity towards 
most metals. Niobium, however, does not react 
with liquid gallium at a temperature < 400 °C [1], 
and this is why large-scale production of 68Ge is 
carried out by irradiating water-cooled targets 
made of gallium encapsulated in niobium con-
tainers [2, 3], albeit niobium’s low thermal con-
ductivity, that is about a quarter of that of alu-
minum, 54 vs 235 W/mK at room temperature. 
Hence, gallium-based compounds with higher 
melting points and no corrosivity, such as Ga2O3 
(mp = 1900°C) [4, 5] or NixGay alloys (mp > 
800°C) [6, 7], have been used as target com-
pounds. The latter one being preferred for tar-
getry applications due to its electric and thermal 
conductivity properties. 
The separation chemistry technique em-
ployed by large-scale production facilities is 
liquid-liquid extraction using CCl4 [3, 5], a solvent 
classified as Q3C class 1 by the USA Food and 
Drug Administration (FDA), not recommended 
for drug manufacturing due to unacceptable 
toxicity. Hence, alternative radiochemical sepa-
ration methods that employ nontoxic reagents 
but maintain high separation yields are needed. 
In this work, two simple methods for NixGay 
alloy preparation are presented as well as a 
simple germanium separation procedure, with a 
separation efficiency of 75% in 2 mL of diluted 
HNO3, using a commercially available extraction 
resin.  
 
Material and Methods 
NixGay alloy targets were prepared by two 
methods: A) electrodeposition and B) by mixing 
molten gallium with nickel. The details for each 
method are as follows: 
A) The electrolytic solution is made by dis-
solving Ga2O3 (99.9%, Aldrich) and NiSO46H2O 
(99%, Sigma-Aldrich), in a 3:2 mass ratio, in 
(27%) H2SO4 (Fisher, >99.99% trace metal grade), 
adjusting the pH to 1.5 using concentrated 
NH4OH (Sigma-Aldrich, >99.99% trace metal 
grade). This solution is then transferred into 
either a 18 or 50 mL electrolytic cell in which the 
cathode is a gold disk (0.61 mm thick, 1.9 cm 
diameter) mounted on an aluminum plate. The 
electroplated area is 1.3 cm2. A platinum wire is 
used as the anode, with the tip bent into a spiral 
shape in order to have a more homogeneous 
electric field. A DC power supply (EXTECH 
382200) provides the voltage. The applied cur-
rent was 39 ± 9 mA/cm2 (n = 12) with the plati-
num anode at 1 cm from the gold surface. 
One of the electroplated targets was heated 
at 400 °C for 15 min in an argon atmosphere to 
verify that the melting point of the alloy was 
indeed higher than this temperature. 
B) Gallium pellets (99.99999%, ~650 
mg/pellet, Alfa Aesar) were mixed together with 
Ni powder (99.9%, Strem Chemicals) in a 4:1 
Ga:Ni molar ratio inside a test tube (1 cm I.D.), 
which was then positioned on top of a crucible 
at the center of an induction furnace (EIA Power 
Cube 45/900, average reactive power = 45 
kVAR). The two metals fused together after ~2 
min with the furnace set to 45% maximum pow-
er. The metal mixture was left in the inductor 
under this power setting for > 15 min to let the 
alloy homogenize or anneal, as it is claimed that 
the induced currents have a stirring action over 
the alloy material [6]. After this, the alloy pellet 
was left to gradually cool down by lowering the 
power of the inductor in 5% steps every one 
minute until the inductor was turned off. The 
resulting alloy pellet was then rolled to a foil 
using a jeweler’s mill pressed between Nb foils 
to avoid contamination. 
As with the electroplated alloy, a fused alloy 
was heated to 400 °C for ~15 min in an argon 
atmosphere. In this case, however, the foil was 
placed on top of a silver disk in order to verify 
that it is not corrosive in contact with this metal, 
and thus to know whether it can be irradiated if 
directly placed on top of this excellent heat 
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conductor having water-jet cooling applied on 
the opposite side. 
Following method B), alloys with Ga:Ni molar 
ratios of 1.0, 2.0, 2.9, 3.7 and 5.2 were manufac-
tured to be used as standards for the analysis of 
the electroplated ones by x-ray fluorescence 
(XRF) spectroscopy using a 109Cd excitation 
source (23 keV) and quantifying the characteris-
tic x-rays peaks 9.26 keV and 7.48 keV from Ga 
and Ni, respectively, using a low energy high 
purity germanium (HPGe) detector (Canberra 
GL0110P). 
Target irradiations were performed on a GE 
PETtrace with 16 and 15.2 MeV protons on the 
electroplated and fused targets, respectively. 
The electroplated alloys were mounted on a 
custom-made solid target irradiation system 
with direct water-jet cooling applied to the 
backside of the gold disk, a schematic of which is 
shown in Figure 1. The alloy foils were placed on 
top of in a 1.2 cm diameter, 406 μm deep pocket 
made of niobium, to avoid corrosion, and sealed 
against a 51 μm Nb foil using a teflon O-ring, as 
shown in Figure 2. These Nb-encapsulated alloys 
were placed on the same solid target irradiation 
system used with the electroplated alloys, also 
having water-jet cooling applied on the back-
side, as shown in Figure 3. Only one thick NiGa4 
foil (409.5 mg/cm2 = 635 μm) and one thick elec-
troplated NiGa3 alloy (245.3 mg/cm
2 = 375 μm) 
have been irradiated for 68Ge production. 
The irradiations were carried out over sever-
al days, increasing the proton current by 5 μA 
each day, the initial current being 15 and 20 μA 
for the fused and electroplated targets, respec-
tively. The integrity of the targets was verified 
between irradiations by visual inspection to 
determine if higher currents were feasible.  
Ge separation was achieved based on the dif-
ference in distribution coefficients between Ge, 
Ga, Zn, Cu, Ni and Co at different HNO3 molari-
ties in DGA resin (branched 50-100 μm, Triskem 
International) [9]. The irradiated NiGa alloys 
were left to decay for 2 weeks in order to signifi-
cantly reduce the co-produced radionuclidic 
impurities 69Ge (t1/2 = 39.05 h) and 
55Co (t1/2 = 
17.53 h) from 69Ga(p,n) and 58Ni(p,α), respective-
ly, and then dissolved in 6 mL of concentrated 
HNO3 (Ultra grade, VWR). The solution was then 
passed through 200 mg of DGA resin packed in a 
5 mm diameter column (SPE 1.5 mL reservoir, 
Grace Davison Discovery Sciences) at a constant 
flow rate of 1.1 mL/min using a peristaltic pump 
(Welco). The packed resin is previously rinsed 
with 1 mL of deionized water and then equili-
brated with 1 mL of concentrated HNO3. The 
“trap and release” sequence, which is summa-
rized in Figure 4, was as follows: 
1. Load the target solution with an HNO3 
concentration > 8 M to trap 68Ge. 
2. Wash the column with 5 mL of concen-
trated HNO3. 
3. Elute 68Ge in fractions of 200 μL of deion-
ized water. 
A separation profile for Ge, Ga and Co was 
obtained by collecting 0.2 – 1.0 mL fractions 
throughout the separation process, which were 
analyzed by gamma ray spectroscopy using an 
HPGe detector (Canberra C1519).  
The radionuclidic purity of the isolated 68Ge 
was determined by gamma ray spectroscopy on 
a sample composed of the first five 200 μL frac-
tions (1 mL). This sample with ~2.95 MBq (79.6 
μCi) of 68Ge was placed at 1 m from the face of 
the HPGe detector, having a deadtime < 10%, 
where an efficiency calibration with 137Cs and 
60Co NIST-traceable standards (Amersham) had 
been performed. The gamma lines used to quan-
tify the yields and radionuclidic impurities were: 
1077 keV (68Ge/68Ga), 122 keV (57Co) and 1115 
keV (65Zn). 
An electroplated alloy (82.7 mg/cm2 thick) 
was processed in a “cold run”, that is, without 
irradiation, for trace metal analysis using Ag-
ilent’s microwave plasma atomic emission spec-
troscopy (MP-AES) system. The separation fac-
tors (SF) for each of the main metal impurities 
was calculated by dividing the total mass of each 
in the target dissolution over the mass in the 2 
mL eluate that contains the separated 68Ge. 
 
Results and Conclusion 
Table 1 summarizes the electroplating results. 
Using the 50 mL cell, a deposited layer that is 
245.3 mg/cm2 (375 μm) was obtained after two 
electroplating runs over the same disk, each run 
being 6 days long. Figure 5 shows the typical 
macroscopic and microscopic appearance of the 
electroplated NiGa alloys, demonstrating the 
homogeneity and smoothness of the deposit. 
The electroplated target did not melt and 
looked intact under 10x magnification on an 
optical microscope after heating it at 400 °C, 
which indicated that this alloy was indeed going 
to sustain high power irradiations. Heating the 
fused alloy at 400 °C on top of a silver disk, on 
the other hand, resulted in visible spots of cor-
rosion on the silver surface, indicating that small 
heterogeneities exist in the alloy, in which pure 
gallium had not fused with nickel. This result 
demonstrated that even though the fused alloys 
have a high melting point, they are not homoge-
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nous enough to ensure that the solid target 
station components will not be corroded by 
traces of pure gallium that could potentially 
come into contact with them. For this reason 
these alloys were encapsulated in niobium for 
irradiation. 
From the XRF spectroscopy analysis a linear 
relationship with an R2=0.967 was found be-
tween the ratio of count rates of the Ga and Ni 
characteristic x-rays peaks to the alloy Ga:Ni 
molar ratio, from which the molar ratio compo-
sition of the electroplated alloy was determined 
as 3:1, Ga:Ni. This result was confirmed by trace 
metal analysis of a dissolved target using the 
MP-AES system, obtaining 2.9 ± 0.2, Ga:Ni. 
These results indicate that the molecular formu-
la of this alloy is NiGa3. 
A simulation of 16 MeV protons over NiGa3 
material, using the SRIM (Stopping and Range of 
Ions in Matter) software [8] software, indicates 
that a thick target for 68Ge production needs to 
be at least 330 μm (216 mg/cm2) thick, a thick-
ness that has been achieved using the 50 mL cell 
as shown in Table 1. 
Different from the fused alloys, the electro-
plated NiGa3 targets are not corrosive against 
the solid target station. Therefore, niobium 
components with low thermal conductivity are 
not required. In fact, the gold substrate of the 
electroplated targets acts as an excellent heat 
conductor for water-cooling during irradiation 
due to gold’s outstanding thermal conductivity 
of 320 W/mK. The irradiation parameters and 
results are summarized in Table 2. As can be 
seen, a current of 40 μA is feasible. 
Table 3 shows the results from the irradia-
tion experiment on a NiGa4 alloy. After the first 
irradiation with a current of 20 μA for ~5 h, the 
target looked intact. Hence, the following day 
the proton current was increased to 25 μA and 
the target was irradiated for 3.4 h. Visual inspec-
tion of the target revealed that the niobium 
degrader had reacted with traces of molten 
gallium from the alloy, which means that the 
temperature at this spot was > 400 °C, the point 
at which gallium and niobium react [1]. The 
niobium degrader was replaced after this bom-
bardment, and a maximum current of 22 μA was 
applied for ~3 h for a total charge of 65 μAh, 
after which the target looked intact. Therefore, 
22 μA is the maximum current that can be ap-
plied to this target system without compromis-
ing the integrity of the degrader. 
Figure 6 contains the separation profile and 
Figure 7 the elution profile with DGA resin. 75% 
of the 68Ge produced at end of bombardment is 
eluted in 2 mL of deionized water. 
The gamma spectroscopy analysis revealed 
that the main radionuclidic impurity in the sepa-
rated fraction is 65Zn (t1/2 = 243.93 d) from 
69Ga(p,nα), which accounts for <0.1% of the total 
activity in the eluted fraction. 
The results from the trace metal analysis are 
summarized in Table 4.  
In conclusion, we have developed two simple 
methods for the manufacture of thick NiGa al-
loys. The best method for targetry applications is 
via electrodeposition of NiGa3 on a gold disk, 
which we believe is a more convenient target for 
68Ge production compared to gallium encapsu-
lated in niobium. The separation method based 
on the extraction resin DGA offers a 75% 68Ge 
separation yield that is similar to the one from 
liquid-liquid extraction employed by most large-
scale production facilities. We believe this is a 
more convenient separation method since it 
only requires a single “trap-and-release” step 
and not many extraction steps. Furthermore, 
this method avoids the use of toxic solvents such 
as CCl4 not recommended for drug manufactur-
ing by the FDA. 
 
 18 mL cell 50 mL cell 
Electrodeposition time 
per run [days] 3 ± 1 6 
Deposited mass per 
run [mg/cm2] 34.2 ± 4.9 123.4 ± 12.5 
Maximum thickness 
[mg/cm2] 
(Number of sequential 
runs) 
83.1 ± 10.9 
(3) 
245.3 
(2) 
TABLE 1. Electrodeposition results 
 
Irradiation 
day 
Imax 
[μA] 
Q 
[μAh] 
Yield [kBq/μAh] 
68Ge 65Zn 
1 20 50   
2 25 24   
3 30 56   
4 35 70   
5 40 60 43 1.3 
TABLE 2. Irradiation parameters and yields after 
proton bombardment on NiGa3 electroplated on 
gold. 
 
Irradiation 
day 
Imax 
[μA] 
Q 
[μAh] 
Yield [kBq/μAh] 
68Ge 65Zn 
1 20 100   
2 25 85   
3 22 65 44 1.8 
TABLE 3. Irradiation parameters and yields after 
proton bombardment on a NiGa4 foil encapsu-
lated in Nb. 
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 Ga Fe Zn Ni Co Cu 
ppm 41 19 5.0 3.1 0.23 0.23 
mM 0.59 0.76 0.077 0.053 0.004 0.0040 
μg 82 80 10.1 6.2 0.5 0.46 
SF 770 570 10 2900 990 1200 
TABLE 4. Metal impurities in the 2 mL 68Ge eluate. 
 
 
FIGURE 1. Schematic of the electroplated NiGa 
targets mounted on the solid target station of 
our GE PETtrace cyclotron. 
 
 
FIGURE 2. Drawing of the Nb pocket for encapsu-
lating the fused NiGa foils. 
 
 
FIGURE 3. Schematic of the fused alloy targets 
mounted on the cyclotron’s solid target station. 
 
 
FIGURE 4. 68Ge separation scheme. 
 
   
(a) (b) (c) 
FIGURE 5. (a) Macroscopic appearance of NiGa 
electroplated over a gold disk and microscopic 
appearance from an optical microscope using (b) 
4x and (c) 10x magnification. 
 
 
FIGURE 6. Separation profile of Ge, Ga and Co in 
DGA resin 
 
 
FIGURE 7. Elution profile of 68Ge trapped in DGA. 
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Introduction  
Irradiation of gold with protons provides access 
to no-carrier-added 197mHg and 197Hg. Interests 
in these radionuclides were awakened by the 
unique chemical and physical properties of mer-
cury and its compounds combined with conven-
ient nuclear properties like suitable half life 
(197mHg: T1/2 = 23.8 h, 
197Hg: T1/2 = 64.14 h), low 
energy gamma radiations for imaging, Auger – 
and conversion electrons for therapy. The high 
thermal conductivity of gold enables high cur-
rent irradiations and the monoisotopic natural 
abundance of 197Au supersedes expensive en-
richment of the target material. The 
197Au(p,n)197(m)Hg reaction was applied until now 
only for beam monitoring1, stacked foil meas-
urements2 or very small scale tracer production.3 
  
Material and Methods  
The irradiations were performed at a Cyclone 
18/9 (IBA, Louvain la Neuve, Belgium). Its beam-
line was sealed with a 1.0 mm vacuum foil (high 
purity aluminum, 99.999 %) from Goodfellow 
(Huntingdon, England). High purity gold disks (23 
mm diameter, 2 mm thickness, 99.999% pure, 1 
ppm Cu) as target material were purchased from 
ESPI (Ashland, USA). Gold foils as alternative 
gold targets (12.5×12.5 mm, 0.25 mm thickness, 
99.99+ %, 1 ppm Cu) between an aluminum disk 
(22 mm diameter, 1 mm thickness, 99.0 %, hard) 
and an aluminum lid (23 mm diameter, 99.0 %, 
hard) were purchased from Goodfellow (Hun-
tingdon, England). Hydrochloric acid (30%) and 
nitric acid (65%) were purchased from Roth 
(Karlsruhe, Germany) in Rotipuran® Ultra quality. 
Deionized water with > 18 MΩcm resistivity was 
prepared by a Milli-Q® system (Millipore, Mol-
sheim, France). For separation of target material 
and side products a liquid-liquid extraction 
method (Gold was extracted with methyl isobu-
tyl ketone (MIBK) from 2 M HCl target solution) 
and an ion exchange method (cation exchange 
resin (Dowex50W-x8, 100–200 mesh, H+ form) 
were applied. 
 
Results and Conclusion  
No-carrier-added 197(m)Hg was produced from 
gold via the 197Au(p,n)197(m)Hg reaction at proton 
energies of 10 MeV in sufficient quantity and 
quality for imaging studies. 
Two different methods were studied for the 
separation of Hg radionuclides generated from 
Au targets. The results demonstrate the possibil-
ity to produce 197(m)Hg from gold at low proton 
energies. Combined with the presented radio-
chemical separation methods, the 197Au(p,n) 
reaction could be the basis for repeatable pro-
duction of 197(m)Hg for imaging and therapy re-
search on sufficient activity level. 
 
tirr  
(h) 
IT 
(µA) 
AEOB (MBq) 
197Hg 197mHg 196Au    198Au 
1 25 56.52 55.35 <0.011    0.054        
1.5 25 113.85 96.30 <0.005    0.081        
1 25 67.51 51.75 <0.012    0.045 
TABLE 1. Activities of products and side products in 
dissolved target material at EOB 
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Introduction 
The Comecer ALCEO Metal system is intended to 
be a comprehensive solid targetry system, capa-
ble of all steps necessary to produce copper 
isotopes (Cu60, Cu61 & Cu64) from enriched nickel:  
plating, transfer to/from cyclotron, irradiation, 
and dissolution/purification.  To develop plating 
and chemistry methods, we plate natural nickel, 
and irradiate with deuterons to produce Cu61.  
This alleviates the need for expensive enriched 
nickel isotopes, but gives a lower activity yield.  
We report a few issues with the ALCEO system, 
and some of our modifications. 
 
Material and Methods 
BRIEF DESCRIPTION OF SYSTEM:    The ALCEO 
system uses cylindrical shuttles (28mm ø x 
35mm h) comprised of an Al body with a Pt well, 
onto which the Ni is plated.  Shuttles are trans-
ferred pneumatically from the hot cell to the 
irradiation module, on the end of the cyclotron 
beamline.  
The plating and dissolution are both done at the 
electrochemical cell, located in the hot cell.  This 
cell is connected by capillary tubes to the elec-
trolytic solution reservoir (for plating), or the 
acid reservoir (for dissolution).  These tubes 
form a recirculation loop, through which the 
fluid is propelled by an inline micropump 
throughout plating and dissolution.   
The platinum well is 16mm in diameter, while an 
O-ring is used to plate only the center (6mm in 
diameter).  A constant DC voltage is applied. 
PLATING:    Prior to plating, we clean the plati-
num surface with nitric acid.   
We dissolve natural nickel nitrate (99.999% 
pure) into an electrolytic solution comprised of 
deionized water, ammonium hydroxide and 
ammonium chloride (pH=9.3).  We use 30–100 
mg of nat. Ni in a 10mg/mL solution.  We have 
varied the ALCEO electrochemical cell voltage 
between 2.25 – 3 VDC, and tried to maintain a 
low pump flow rate between 1 – 2 mL/min. 
The electrochemical cell uses a fixed platinum 
tube as the anode (~3mm above the plating 
surface).  This tube also delivers the electrolytic 
plating solution to the Pt surface, forming part 
of the recirculating loop.  The Pt surface is in 
contact with a gold-plated cathode. 
Due to issues discussed below, we have built a 
custom plating rig for the ALCEO shuttles, which 
does not use the pump/recirculation loop, but 
leaves the reservoir of electrolytic solution in 
place, atop the plating surface.  A fixed Pt wire 
(supported by a glass capilary tube) is used for 
the anode, placed ~2mm above the plating sur-
face.  We use the same size O-ring to plate only 
the center 6mm of the Pt surface, and apply a 
constant DC voltage. 
TRANSFER TO/FROM CYCLOTRON:    The pneu-
matic transfer tube is 50 ft. long between the 
hot cell and the cyclotron vault, and has a rise of 
14 ft. from under the floor to the ceiling of the 
cyclotron vault.   
IRRADIATION:    The ALCEO irradiation module 
holds the plating surface orthogonal to the 
beam path.  The module has a 10-mil-thick 
(0.010”) Al front foil, supported by a hex-grid.  
Once we realized the thickness, we replaced this 
with a 1-mil-thick Al foil, followed by a 1-mil-
thick Havar foil. 
The foil is cooled by a flow of helium, while the 
shuttle and grid are cooled by a flow of water.  
The helium and water are cooled in heat ex-
changers by chilled water.  As initially plumbed, 
the chilled water flowed through the heat ex-
changers in series, cooling the helium first, then 
the water.  After initial runs, we plumbed the 
heat exchangers in parallel, teeing the chilled 
water to the supply of each heat exchanger, and 
teeing the returns together. 
Irradiation is performed with a PETtrace 800 
accelerating deuterons to 8.4 MeV on target.  
The beam current limit is 20 μA for the ALCEO 
Metal target.  A set point of 19 μA is used to 
avoid the system tripping off. 
DISSOLUTION/PURIFICATION:    The ALCEO sys-
tem circulates 5mL of 6M HCl, while heating the 
shuttle to 100⁰C for 40 minutes.  This solution is 
loaded onto a column containing 10g of 200-400 
mesh chromatographic resin in chloride form. 
A separation is performed yielding three solu-
tions:  The column is washed with 40mL of 6M 
HCl to obtain the Recovered Nickel Solution, 
then 20mL of 4M HCl to obtain the Cobalt Solu-
tion, then 10mL of 0.5M HCl to obtain the Cop-
per Product Solution. 
 
Results and Conclusion 
PLATING:    Using the ALCEO method, the plat-
ings obtained had a tendency to mound, (up to 
0.75 mm thick for 50mg) giving a lower density 
of 3–4 g/cm3.  This was attributed to the anode 
tube being fixed in place over the center of the 
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plating surface.  Using the custom rig, almost no 
mounding was observed, (0.25mm thick for 
50mg) giving a density of 7 g/cm3, closer to nick-
el’s nominal density of 8.9 g/cm3.   
Images 1 and 2 attempt to show the mounding 
from the ALCEO method, and relative flatness 
from the custom rig.  Both methods give a 
rough, or “fuzzy” plated surface.  Image 2 shows 
that the custom rig exaggerates this “fuzziness”.  
Using the ALCEO method, a slower pump speed 
(~1 mL/min) gives a smoother plating surface, 
but the pump has a tendency to lock up at this 
lower set point, stalling the plating as often as 
half of the plating attempts. 
 
IMAGE 1. Plating with ALCEO method 
 
 
IMAGE 2. Plating with custom rig 
 
Using the ALCEO method, slight increases in the 
voltage (2.65 V instead of 2.25 V), can form thin 
stalagmites of nickel, electrically connecting the 
anode and the plating surface, ending the 
chance for a useable plating.  Using the custom 
rig, no stalagmites are seen, adjusting the volt-
age from 2.3V to 3.0V.  This leads to the poten-
tial for a faster plating. 
Both the ALCEO method and the custom rig have 
obtained plating efficiencies of 95%.  
Table 1 summarizes the plating results. 
 
Plating Method ALCEO Method  Custom Rig 
Plating Time 4-5 days 3-4 days 
% Metal Plated 94-98% 94-97% 
Plating Shape Mound Plateau 
Plating Height 650-900 μm ~500 μm 
        ALCEO often locks up or has stalagmites 
TABLE 1. Comparison of two plating methods 
TRANSFER TO/FROM CYCLOTRON:    The shuttle 
typically transfers without issue in under 15 
seconds.  Once or twice it has remained in the 
transfer tube, but been retrieved by cycling the 
compressed air/vacuum a couple of times. 
 
IRRADIATION:  During initial testing, the temper-
ature of the return water rose rapidly during 
irradiation.  This was attributed to the chilled 
water already gaining heat from the helium heat 
exchanger.  Once the parallel chilled water 
plumbing was implemented, the water tempera-
ture rose much more slowly.  The initial return 
water maximum temperature was 30⁰C.  After 
re-plumbing, this temp plateaus around 33⁰C, so 
the maximum was raised to 50⁰C, with no issues 
observed. 
Initial testing with the 10-mil Al foils gave a very 
poor activity yield.  The 1-mil Al foil ruptured 
under the 20 psi helium pressure before beam 
was applied.  The 1-mil Havar foil produced 1.57 
mCi of Cu61 at EOB, giving an activity yield of 
0.308 mCi/uAh (results summarized in Table 2).  
This compares to yields of 1.4 obtained by [1], 
and 0.29 obtained by [2] for deuterons on natu-
ral Ni. 
 
Foil used    I (µA) 
 tb 
(h) 
  AEOB 
(mCi) 
Yield 
(mCi/uAh) 
10-mil Al 15 1 0.019 0.007 
1-mil Al failed under He pressure 
1-mil Havar 19 1.5 1.57 0.308 
TABLE 2. Activity yields using different foils 
 
Table 3 shows the results of bombardments with 
the following specifications: 
• Plated with ~100 mg of Nat Ni 
• Bombarded with 19μA for 4 hours 
(Deuterons) 
• 3 runs each for ALCEO plating method, 
and custom rig method were averaged.  
After dissolution and purification, several assays 
were made by dose calibrator.  All products, 
waste, and the dissolved shuttle were assayed 
several times between 2 and 6 hours EOB to give 
the total amount of Cu-61 present at EOB. 
 
Plating Method Total Cu-61 (corr. To EOB) 
Saturation 
Yield 
ALCEO Method 5.56 mCi 0.49 mCi/μA 
Custom Rig 8.14 mCi 0.75 mCi/μA 
TABLE 3. Comparison of total shuttle results. 
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DISSOLUTION/PURIFICATION:   The column sup-
plied for purification did not seal at the top, 
because of this, the program had to be modified 
to alternate dripping the dissolution onto the 
column, and pushing with He.  If this alternation 
is not done, the hot cell can be contaminated by 
the long-lived cobalt species in the dissolution. 
Table 4 shows the dissolution/purification effi-
ciencies for the same 3-run averages described 
in Table 3. 
The post-dissolution/purification product, 
waste, recovered Ni, and dissolved shuttle were 
assayed by dose calibrator at: 
• ~2 – 6 hours EOB for Cu-61 
• > 3 days EOB for Co-56 / Co-58 
The amounts of Cu-61 and Cobalt isotopes pre-
sent in the Cu product were compared to that of 
the recovered Ni, waste and the dissolved shut-
tle.  These isotopes were confirmed by gamma 
spectroscopy using a HP-Ge detector for each 
solution and the shuttle.  Very little Ni-65 was 
present in the Cu product.  
 
Plating 
Method 
% Cu-61 
dissolved 
% Cu-61 
purified 
diss/pur 
Eff 
% Co  
rmvd 
ALCEO 
Method 77.1 % 64.8 % 48.4 % 98.8 % 
Custom 
Rig 89.7 % 68.3 % 61.2 % 99.2 % 
TABLE 4. Comparison of dissolution/purification 
results. 
 
The purification is very efficient at removing the 
starting material, and long-lived Co isotopes 
from the Copper Product Solution, no matter 
which plating method is used.  However, much 
of the desired Cu61 is removed as well, with only 
50-60% remaining in the product. 
 
The results from Tables 3 & 4 show that the 
custom-rig-plated shuttles outperformed the 
original ALCEO plating method consistently at 
every stage of the process.  A higher dissolu-
tion/purification efficiency, combined with a 
greater starting activity leads to double the 
activity in the Cu product, as shown in Table 5.   
 
Plating Method Cu-61 in Product (corr. to EOB) 
ALCEO Method 2.48 mCi 
Custom Rig 4.96 mCi 
TABLE 5. Comparison of Cu product activities. 
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Introduction 
With interruptions in reactor-based supply of 
99Mo/99mTc, there is growing interest in using 
cyclotrons for direct production of 99mTc via the 
100Mo(p,2n)99mTc reaction. Although the yield of 
99mTc is theoretically directly proportional to the 
beam current, the design and fabrication of 
enriched 100Mo targets is one of the challenges 
that had previously limited the large-scale pro-
duction.  
Several 100Mo target design considerations 
are required. The target back plate supporting 
the 100Mo must be chemically inert to target 
dissolution conditions but ideally it should also 
be able to dissipate high thermal loads of irradi-
ation, not contaminate target substrate with 
radionuclidic by-products, and be adequately 
inexpensive to allow for single use. Aluminum 
was selected as a target support because it is a 
reasonable balance of these requirements. 
The process we have developed for 100Mo 
target fabrication entails rolling 100Mo powder 
into a foil of desired thickness, and then using 
diffusion bonding [1] to bond the foil onto an 
aluminum back plate. The 100Mo targets were 
designed to be approximately 20 mm by 80 mm 
by 0.1 mm to match the ACSI TR 24 cyclotron’s 
beam profile and energy. 
 
Material and Methods 
With the full cycle noted in Figure 1, the crude 
enriched100Mo foils (99.815% enrichment) were 
made from rolling 100Mo powder using a hori-
zontally mounted rolling mill and an aluminum 
hopper. The crude foils were rolled repeatedly, 
and the space between the rollers gradually 
reduced until the thickness of the foils changed 
from an initial thickness of 0.3 mm to a thickness 
of 0.1 mm. The foils were then trimmed to 
achieve the 80 mm length. 
The rolled 100Mo foils (n=20) were annealed 
in a 5.11% hydrogen in argon atmosphere for 1 
hour at 1300°C (temperature ramped at 
2°C/min until 75°C and then 5°C /min until 
1300°C). The surface area of the annealed foils 
were measured using Image J software and the 
mass and density of the foils were measured 
using a Sartorius YDK03 density kit on a Sartorius  
analytical balance. 
 The surface of the 6061 series aluminum 
back plates and annealed 100Mo foils were 
cleaned with 180, 320 and finally 400 grit sand-
paper. The annealed 100Mo foils were bonded to 
the aluminum back plate in a pre-heated press 
at 500°C with a 2200 kg load on the platens of 
the press. Targets were then screwed onto a 
target support base in preparation for irradia-
tion. When docked in the target station, targets 
are oriented at 7 degree angle to the proton 
beam, the target face is open to vacuum, and 
the target is cooled with ~40 L/min chilled wa-
ter. Targets are automatically loaded/retrieved 
by means of a pneumatic target transfer system.  
 
 
FIGURE 1. Cycle for producing 100Mo targets in-
cluding rolling of powder, annealing under re-
ducing atmosphere, and diffusion bonding by 
means of a heated press.  
 
Prior to 100Mo irradiation, and for purpose of 
minimizing beam tuning time, irradiations were 
performed on blank aluminum “dummy” targets 
to optimize the cyclotron injection system and 
beamline parameters. Irradiations on these 
aluminum-only targets were repeated until such 
point that we were satisfied with the beam pro-
file as indirectly measured by means of Gaf-
chromic film [2].  
A series of eight 100Mo target irradiations 
were then performed at a nominal proton ener-
gy of 22 MeV. The first target was irradiated at 
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150 μA for 15 minutes (excluding tuning time).  
Each subsequent irradiation was successively 
increased by 50 µA until 500 µA was achieved. 
Tuning time was typically less than 5 minutes, 
and the total integrated current on target was 
recorded for purpose of yield calculation.  
Irradiation current “on” target was measured 
by physical addition of the current measure-
ments on the target and the electron catcher, 
biased at 45 V. Beam “spill” was calculated and 
is defined here as the combined current on the 
collimators and mask, divided by the sum of 
currents on the collimators, mask, and biased 
target/electron catcher. Beam spill for the eight 
irradiations was 26 ± 4%.  
For purpose of determining 99mTc yield, we 
opted not to chemically process the targets so as 
to minimize any losses due to chemistry ineffi-
ciencies. Target plates were therefore removed 
from the target support and directly placed in a 
dose calibrator. Multiple measurements and 
curve fitting were employed to extrapolate the 
99mTc contribution to the measurement. Self-
attenuation through the 100Mo was not account-
ed for.  
 
Results and Conclusion 
The 20 targets produced by cold rolling and 
diffusion bonding showed that high density 
targets, >96% compared to the maximum theo-
retical density of 100Mo, with the physical prop-
erties required for the beam profile were able to 
be produced as shown in Table 1.  
97% of the 100Mo powder was recovered dur-
ing the target preparation or made into a 100Mo 
target. All twenty of the prepared 100Mo targets 
demonstrated good bonding to the aluminum 
substrate by visual inspection.  
 
Mass [g] 2.05 ± 0.16 
Aerial density [mg/cm2] 135 ± 11 
Density [g/cm3] 10.26 ± 0.07 
Thickness [µm] 131 ± 11 
Area [cm2] 15.3 ± 0.09 
TABLE 1. Average and standard deviation of 
100Mo target physical properties (n=20). 
 
The 8 irradiated targets were completely in-
tact after the 15 minute irradiation with the 
exceptions of the targets irradiated at 350 µA 
and 500 µA. These exceptions showed burn 
marks on the surface as shown in Figure 2.  
The burn marks are attributed to areas of 
poor bonding between the 100Mo foil and the 
aluminum back plate which would cause poor 
thermal conductivity. Based on spikes in the 
vacuum, however, we believe these burns oc-
curred early during the tuning, and not as result 
of reaching the desired 350 or 500 μA beam 
currents.  
 
 
FIGURE 2. Irradiated 100Mo targets at varying 
beam currents 
 
Despite the burn marks on the 350 µA and 
500 µA targets, high yields of 99mTc activity were 
achieved as shown in Figure 3. In comparison to 
the expected thick target theoretical yield of 
6.79 GBq/μA as calculated from [3], an average 
yield of 6.1 ± 0.2 GBq/μA was obtained (or 89 ± 
3% of expected). There was also no obvious 
trending towards a decrease in yield as the irra-
diation current was increased.  
 
 
FIGURE 3. Experimental saturated yields for irra-
diated 100Mo targets as a function of irradiation 
current. 
 
The 100Mo targets prepared for 99mTc produc-
tion were relatively robust. The 350 µA and 500 
µA targets with burn marks still had 84% and 
89% of their expected yields respectively. The 
other 6 targets showed no burn marks from the 
irradiations. No correlation between burn marks 
and loss of yield were noted.  
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No targets in these experiments were chemi-
cally processed. Previous experiments with tar-
gets made from molybdenum with natural iso-
topic abundance and this method of target 
preparation have been chemically processed 
with targets in under 30 minutes using 30% 
H2O2.  
In considering large-scale production, the ir-
radiation at 500 μA demonstrated production of 
>100 GBq (>3 Ci) of 99mTc in approximately twen-
ty minutes. Extrapolation of this yield to longer 
irradiation times suggests we can produce ~1.5 
TBq (41 Ci) in 6 hours. Irradiations at 1, 3, and 6 
hours at 500 μA are planned for purposes of 
confirming these yields.  
We are also looking to identify a pre-
irradiation QC method for the target plates 
which would ensure uniform bonding across the 
entire Mo/Al interface. Future studies will re-
quire pressing multiple targets at once and ulti-
mately, automation of the cold rolling and diffu-
sion bonding process to increase the rate at 
which the targets can be produced to further 
lower the production costs of the 100Mo target. 
These results demonstrate a robust, relative-
ly inexpensive target with desirable physical 
properties that can handle high irradiation cur-
rents during large scale production of 99mTc via 
the 100Mo(p,2n)99mTc reaction. 
 
References 
1. R. Bushby, K.P. Hicks, V.D. Scott: Journal of Mate-
rials Science 31, pp. 4545–4552, 1996. 
2.   M.A. Avila-Rodriguez, J.S. Wilson, S.A. McQuarrie: 
Appl. Radiat. Isot. 67(11), pp. 2025–2028, 2009.  
3.  K. Gagnon, F. Bénard, M. Kovacs, T.J. Ruth, P. 
Schaffer, J.S. Wilson, S.A. McQuarrie: Nucl. Med. 
Biol. 38(6), pp. 907–916. 
 
Acknowledgements 
This project was funded by Natural Resources 
Canada under the Isotope Technology Accelera-
tion Program (ITAP). We acknowledge our ITAP 
partners at Centre Hospitalier Universitaire de 
Sherbrooke (CHUS) and Advanced Cyclotron 
Systems International (ACSI). 
 
 
 
88
1Corresponding author, E-mail: lidia.matei@teambest.com 
Thermal separation of 99mTc from Molybdenum targets 
L Mateia, R. Galeab, K. Mooreb, D. Niculaec, W. Gelbartd, B. Abeysekerae, G. McRaef, R.R. Johnsong 
 
aBest Theratronics, Ottawa, ON, CANADA 
bNational Research Council, Ottawa, ON, CANADA 
cNational Institute for Physics and Nuclear Engineering,  Magurele, Ilfov ROMANIA 
d Advanced System Desgin, Garden Bay, BC, CANADA 
ePharmaSpect, Burnaby, BC, CANADA 
fCarleton University, Ottawa, ON, CANADA 
gBest Cyclotron Systems, Vancouver, BC, CANADA 
 
 
Introduction  
Thermal separation is defined as a mass transfer 
process driven by molecular forces. The process 
involves the heat transfer between two phases 
with different composition. In general, thermal 
separation occurs when heat is generated in the 
system additionally to the already existing phas-
es. In a second phase the mass is transferred in 
the system (adsorption) and at the end of this 
step the separation is completed. The thermal 
separation can be achieved in temperature or 
concentration gradient function of system con-
figuration [1]. Thermo-chromatography is a 
process in which the separation occurs in gase-
ous phase. By passing a heated gas through a 
column a thermal gradient is created with a 
continuously decreasing temperature along the 
column. The separation occurs based on the 
different volatilization temperatures, the less 
volatile species will condense on the column 
walls at the higher temperatures and the highly 
volatile compounds will condense at lower tem-
peratures. Parameters like temperature, carrier 
flow rate, column geometry and length have 
impact on the absorption of the compound on 
the column material affecting the separation 
efficiency. The thermal separation has been 
used for separation of Molybdenum (Mo) and 
Technetium (Tc) by either sublimation in the 
case of 94mTc {2,3,4] or dry distillation in the case 
of 99mTc from neutron irradiated MoO3 [5]. The 
thermal separation process has been used in the 
development of a new type of Mo/Tc generators 
starting from the MoO3 as target material for 
production of 99mTc in linear accelerators [6]. Dry 
distillation has become a standard procedure for 
separation of radioiodine from tellurium targets 
[7]. The present paper describes the thermal 
separation of a three component system 
(Cu/Mo/Tc) used as a target in the production of 
99mTc through the 100Mo(p,2n) reaction. 
 
Material and Methods  
The separation method involves the use of oxy-
gen as a carrier gas and oxidation agent. The 
method is based on the different volatilization 
temperatures of Tc formed oxides and the MoO3 
formed in the system during the oxidation. In 
the presence of oxygen the existing Tc is oxi-
dized to its anhydride as Tc2O7 (b.p. 319 ⁰C; m.p. 
110.9 ⁰C) following the reaction: 
 
4Tc + 7O2 →2Tc2O7 
 
The T2O7 has a saturated vapor pressure of 310 
⁰C whilst Mo is completely oxidized to MoO3 
having a sublimation temperature at 750 ⁰C. The 
initial experimental setup comprised a quartz 
tube (6 mm internal diameter, 40 cm long) 
which is introduced into a horizontal tube fur-
nace (model 55035A, Lindberg). The left end of 
the quartz tube is connected to a pure oxygen 
supply which flows through the separation tube 
at a rate of 10 mL/min. The other end of the 
tube is opened to the atmosphere and protected 
with quartz wool. The quartz tube is heated over 
a length of 23 cm at a temperature of 850 ⁰C. 
The heated carrier gas is flowing on the tube 
length and the temperature gradient is created 
along the tube from 850 ⁰C to room tempera-
ture. During the process, the oxygen carries out 
the Tc oxides to a lower temperature and Tc2O7 
is deposited in the cooler region of the tube in a 
similar manner as described by Tachimory [5]. 
The temperature gradient is calibrated by meas-
uring the temperature inside the tube at each 
centimeter along its length (FIG. 1).  
 
 
 
FIGURE 1. Experimental system used in the Mo/99mTc 
thermal separation experiments 
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The radioactivity counting is performed by scan-
ning the tube along its length every 2 centime-
ters by using a detection system shown in figure 
2. The system comprises a GM tube coupled to a 
computer controlled linear actuator (Velmex 
Unislide). The tube is placed at a distance of 
approximately 25 mm from the collimator of 
GM.  
 
 
FIGURE 2. Detection system setup used in the Mo/Tc 
separation 
 
Preliminary testing using Mo powder 
Prior to testing the three component separation, 
a reference test was performed by using 120 mg 
of natural Mo powder (Alpha Aesar, 99.9 %) 
soaked with 50 MBq NaTcO4 (Cardinal Health, 
radiochemical purity >95 %). After evaporation 
the dried powder was introduced into a quartz 
tube (6 mm ID, 40 mm long) and heated up to 
850 ⁰C in the presence of oxygen flowing at a 
rate of 10 mL/min. 
 
Three component separation 
The targets prepared for the production of 99mTc 
by a cyclotron were comprised of copper (Cu) 
(C101, oxygen free) support having a Mo layer 
deposited on the surface in an elliptical form as 
described in literature [8,9]. About 60 to 250 mg 
of Mo (99.9%, Alpha Aesar) was deposited on 
the target surface. 70 MBq of Tc (Cardinal 
Health) as NaTcO4 (> 99 % radiochemical purity) 
was deposited on the Mo insert to mimic the 
conditions created during proton irradiation. 
The Tc spike was evaporated to dryness and the 
Cu/Mo/Tc target was then introduced into the 
experimental setup. The process was allowed to 
continue for 20 min. The experiment was carried 
out by inserting the target plates in a quartz 
tube (CanSci, Canada) of similar design to those 
described by Fonslet for the separation of radio-
iodine from TeO2 targets [7]. The quartz tube 
can be seen in FIG. 2 and illustrated with dimen-
sions indicated in FIG. 3. 
 
 
 
FIGURE 3. Drawing of the quartz tube designed to hold 
a 55×20 mm target plate.  
 
Separation of in-situ cyclotron produced Tc by 
irradiation of Mo targets with a proton beam 
A third set of experiments have been performed 
for in-situ generated Tc by irradiation of circular 
targets containing approximately 60 mg Mo 
deposited on a copper support. The targets were 
irradiated for 30 min with a proton beam with 
the energy of 15 MeV and a current of 50 µA. 
The separation was performed using similar 
experimental conditions as previously described. 
The quartz tube was scanned in length by using 
a RadioTLC scanning system calibrated for 99mTc 
and 99Mo isotopes.  
After the thermal separation was completed 
99mTc was recovered as NaTcO4 by selectively 
washing the quartz tube with 1 M NaOH (Fisher) 
solution. The presence of Mo in the NaTcO4 
solution was verified by a colorimetric strip test 
(EM-Quant Mo test kit, Millipore). The presence 
of copper was qualitatively analyzed by adding a 
few drops of concentrated NH4OH (Fisher) solu-
tion and checking the formation of Schweitzer 
reagent. 
 
Results  
Thermal separation of Tc-Mo powder 
After 20 min the deposition of MoO3 was ob-
served as yellow crystals in the region of tem-
perature of 770 ⁰C, which is in accordance with 
the results reported in the literature [5]. The 
activity of 99mTc was detected at about 5 cm 
from the exit of the tube furnace in a tempera-
ture range starting with 310 ⁰C and ending at 
46 ⁰C (FIG. 4). 
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FIGURE 4: Mo powder spiked with 99mTc: The measured 
rate along the quartz tube as a function of approxi-
mate position along the tube. The temperature of the 
tube for the points of significant rate above back-
ground is labeled to the right of each point in C. The 
rate is area normalized to 1. 
 
The separation efficiency was greater than 90 %, 
with most of the radioactivity being recovered in 
the final solution. The presence of Mo was not 
detected in the purified solution.  
 
Thermal separation from three component sys-
tem 
The oxidation in a three component system is a 
competitive reaction between Cu oxides for-
mation and Mo/Tc oxidation. By exposing the 
plate Mo target in the oxygen flow the oxidation 
mechanisms involves three steps: adsorption of 
O2 molecules onto metallic surface followed by 
oxidation of metals and then oxide separation 
based on the volatilization temperatures. The 
obtained results confirmed the oxidation pro-
cess of Cu which involves two phases: the partial 
oxidation with formation of Cu2O (red) and total 
oxidation with formation of CuO (black) as de-
scribed by Zhy [10]. The formation of these two 
oxides is inhibiting the formation of Tc207 and its 
transportation in the cooler regions of the 
quartz tube hence its condensation in the region 
of temperatures below 300 ⁰C. At least 50 % of 
radioactivity has been found on the target inser-
tion point either as Tc2O7:MoO3 mixture or 
trapped on the disk layers most probably as 
Cu(TcO4)2 embedded in the Cu2O lattice (FIGURE 
2). This can be explained by the the formation of 
Cu2O in the first oxidation phase which is com-
peting with the oxidation of Mo and Tc. A con-
current reaction with inhibiting effect on the 
separation process can be the reaction between 
CuO and MoO3 with formation of CuMoO4 (yel-
low-green) at about 500–700 ⁰C [11]. The mech-
anism is different when the disc targets are used 
and Tc is generated in situ by proton irradiation. 
All the oxidation reactions are competitive; the 
formation of two Cu layers is visible (FIG. 5) but 
the Mo and Tc oxides are separated. Mo is de-
posited on the quartz tube walls and Tc was 
detected on the cooler region of the tube (FIG. 
6).  
 
 
FIGURE 5. Copper target support after the separation 
of Mo/Tc generated in situ by irradiation of disc Mo 
targets with 15 MeV proton beam at 50 µA. CuO 
(black) 
 
 
FIGURE 6. MoO3 crystals deposited in a white –
yellowish layer on the quartz tube walls 
 
The difference between separation profiles from 
the two types of targets could be explained by 
the different conditions applied for oxidation. 
One reason could be the different Cu:Mo ratio 
on the plate target 140:1 (w/w) compared with 
90:1 (w/w) for disc targets. The oxidation reac-
tion is more competitive in the case of target 
plates due to a higher content of Cu hence the 
separation efficiency was lower. A second rea-
son could be the chemical form of Tc in the sys-
tem during the first phases of oxidation. The 
target plate was spiked with Tc as pertechnetate 
in saline solution. During the evaporation a small 
amount of Cu was partially oxidized. In the par-
tial oxidation step a part of Cu (II) reacted with 
ionized Tc oxides probably with the formation of 
Cu(TcO4)2. The mechanism is different when the 
Tc is generated in situ, the oxidation of Tc with 
formation of Tc2O7 being total and complete 
leading to a better separation process in the 
three component system.  
 
Conclusion 
The efficiency of the thermal separation of Mo 
and Tc oxides is higher than 90 % when the pro-
cess is carried out on Mo powder. In a three 
component system containing high Cu:Mo ratio 
such as (140:1 w/w) the separation was inhibit-
ed by the competitive reaction. In the case of 
lower Cu:Mo ratio of 90:1 (w:w) the oxidation 
process led to a better Mo:Tc separation. After 
separation, the NaTcO4 solution has been char-
acterized. No traces of Cu or Mo have been 
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identified in the final product and the radio-
chemical purity of separated NaTcO4 was higher 
than 95 %. 
Further studies will comprise a new approach of 
using plated copper as target support.  
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Introduction  
Copper-64 is an emerging radionuclide with 
applications in PET molecular imaging and/or 
internal therapy and it is typically produced by 
proton irradiation of isotopically enriched 64Ni 
electrodeposited on a suitable backing sub-
strate. We recently reported a simple and effi-
cient method for the preparation of nickel tar-
gets from electrolytic solutions of nickel chloride 
and boric acid [1]. Herein we report our recent 
research work on the analysis of metallic impuri-
ties in the copper-fraction of the radiochemical 
separation process. 
 
Material and Methods  
Nickel targets were prepared and processed as 
previously reported [1]. Briefly, the bath solution 
was composed of a mixture of natural NiCl2. 
6H2O (135 mg/ml) and H3BO3 (15 mg/ml) and Ni 
was electrodeposited using a gold disk as cath-
ode and a platinum wire as anode. The plating 
process was carried out at room temperature 
using 2 ml of bath solution (pH = 3.7) and a con-
stant current density of 60 mA/cm2 for 1 hour. 
The unirradiated Ni targets were dissolved in 1–
2 ml of concentrated (10M) HCl at 90 oC. After 
complete dissolution of the Ni layer, water was 
added to dilute the acid to 6M, and the solution 
was transferred onto a chromatographic column 
containing AG 1-X8 resin equilibrated with 6M 
HCl. The Ni , Co and Cu isotopes were separated 
by using the well-known chromatography of the 
chloro-complexes. The sample-fractions contain-
ing the Cu isotopes (15 ml, 0.1M HCl) were col-
lected in plastic centrifuge tubes previously 
soaked in 1M HNO3 and rinsed with Milli-Q wa-
ter (18 MΩ cm). Impurities of B, Co, Ni, Cu and 
Zn in these samples were determined by induc-
tively coupled plasma-mass spectroscopy (ICP-
MS) at the Department of Geosciences (Labora-
tory of Isotopic Studies) of the National Universi-
ty.  
 
Results and Conclusions 
The mass of Ni deposited in 1 h was 25.0 ± 1.0 
mg (n = 3) and the current efficiency was > 75 % 
in all cases. The pH of the electrolytic solution 
tended to decrease along the electrodeposition 
process (3.7→1.6). The results of ICP-MS analy-
sis of the Cu-fractions from the cold chromatog-
raphy separation runs are shown in FIG. 1. We 
were particularly interested in the boron impuri-
ties as H3BO3 is used as buffer for electrodeposi-
tion of the Ni targets.  
 
FIGURE 1. Metallic impurities as determined by ICP-MS 
in the Cu-fractions of cold chromatographic runs of Ni 
targets electrodeposited from NiCl2 solutions buffered 
with H3BO3. 
 
Except for the Ni impurities that were deter-
mined to be in the range of ppm (mg/l), all other 
analyzed metallic impurities were found to be in 
the range of ppb (µg/l), including boron. The Co, 
Ni, Cu and Zn impurities determined in the Cu-
fraction in this work using Ni targets electrode-
posited from a NiCl2 acidic solution, are in the 
same order of magnitude compared with that 
obtained when using targets prepared from an 
alkaline solution [2], with the advantage of the 
simplicity of the electrodeposition method from 
NiCl2 solutions, as the target material is already 
recovered in the chemical form of NiCl2, ena-
bling a simpler, one step process to prepare a 
new plating solution when using enriched 64Ni 
target material for the production of 64Cu. 
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Introduction 
61Cu (T1/2 = 3.33 hr, Eβ⁺= 1.22 MeV, 61.4 %) is an 
attractive isotope for positron emission tomog-
raphy (PET) radiopharmaceutical agents such as 
ATSM and PTSM. Various separation processes 
have been reported for the production of 61Cu 
on a medium cyclotron using 13–22 MeV pro-
tons on natural and enriched 64Zn target materi-
als [1,2]. 
This work, investigates production of 61Cu using 
both natural and enriched 64Zn targets and its 
separation. Three types of resins were used to 
assess for their efficiency and speed to separate 
the desired 61Cu from the 66,67,68Ga and 64Zn and 
for the recycling of 64Zn target material. The 
effective specific activity of purified 61Cu, was 
determined by ICP-MS and its titration with 
various polyaza and polycarboxylate complexing 
ligands.  
Material and Methods 
1. Production and Separation  
Targets were irradiated by proton beam of IBA 
cyclotron 18/18MeV via the 64Zn(p,α) 61Cu and 
natZn(p,x) 61Cu reactions using an enriched 64Zn 
foil(15×15×0.05mm, ~50 mg) and natural foil 
(diameter 25 mm, 0.05 mm,~ 60 mg). Thirty 
minute irradiations were conducted with inci-
dent proton energies between 11.7–12.0 MeV 
and beam currents of 20 and 40 µA. Irradiated 
Zn targets were dissolved in 8M HCl at 150 oC 
then evaporated to dryness. Trace water to the 
resultant residue (twice) and resultant solutions 
evaporated to dryness. The residue was re-
dissolved in 2ml of 0.01M HCl before loading 
onto a Cu-resin column (FIG. 1) Zn and Ga iso-
topes were collectively eluted using 30 ml of 
0.01M HCl. The Cu was then removed using 1.5 
ml of 8M HCl and passed directly onto a cation 
exchange followed by an anion exchange col-
umn. An additional 3 ml of 8M HCl was used to 
rinse the cation exchange column and ensure 
quantitatively removal of Cu (II) ions. The Cu was 
finally eluted from the anion exchange column 
using 3 ml of 2M HCl. The Cu solution was heat-
ed up at 150 oC until evaporated to dryness and 
61Cu final product dissolved in 400–800 μL of 
0.01M HCl.  
 
 
FIGURE 1. Outlining separation 61Cu from Zn dissolved 
target and 66,67,68Ga. 
 
2. Specific activity of 61Cu 
The specific activity (GBq/µmol) of the purified 
61Cu was determined by ICP-MS and compared 
with that determined using dota, nota and di-
amsar complexing ligands.  
 
For each 61Cu production run aliquot of final 
solution (100 µL) was left to decay before dilut-
ing to 10 mL with 10% HNO3.  Decayed samples 
were sent to ChemCentre (Curtin University) for 
ICP-MS analysis. Each sample was analysed for 
Cu, Al, Ca, Co, Fe, Ga, Ni, Si, and Zn, which are 
known to compete with Cu2+ for ligand complex-
ation. 
 
Effective specific activity of the 61Cu was deter-
mined by titrating various known concentration 
of ligands with 61Cu solution. The method is 
detailed in the literature [3]. Briefly, varying 
concentrations of each ligand was prepared in 
0.1M sodium acetate buffer pH 6.5 to a total 
volume 20 µL. Fixed concentration of diluted 
61Cu (0.01M HCl) in 10 µL was added to each 
ligand solution. The mixtures were vortexed 
then left to incubate at the room temperature 
for 30 mins. Two uL aliquots were withdrawn (in 
triplicate) from each reaction mixture and spot-
ted on ITLC –SA. [Mobile phase: 0.1M NaCl: 
Cu Resin 
AG1 –X8 
AG50W-X8 
Waste Cu 
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0.1M EDTA (9:1) for Cu2+ and diamsar mixtures: 
Rf <0.2 Cu-diamsar; Rf > 0.8 free Cu
2+ and 0.1M 
sodium acetate pH 4.5: H2O: MeOH: ammonium 
hydroxide (20:18:2:1 v/v) for Cu2+ dota and nota 
mixtures: Rf >0.8 Cu-dota and Cu-nota Rf < 0.2 
free Cu2+]. Complexation of the 61Cu with each 
ligand was complete within 30 mins at room 
temperature. Concentration of Cu2+ was deter-
mined from the 50% labelling efficiency.  
 
Results and Conclusion  
1. Production and Separation 
The radioisotopes production from natZn target 
must be minimized by the optimum proton en-
ergy to reduce a radiation dose in the final 
product. The excitation functions of 66,67,68Ga 
,65Zn and 61Cu are shown in FIG. 2. Proton beam 
energy of 11.7 MeV was used for both Zn targets 
to minimise the production of Ga isotopes and 
prevent formation of 65Zn. For the enriched 64Zn 
target (99.30%) higher proton energy could be 
used for the production of 61Cu allowing for 
increased yields and reduce radio contaminants. 
Previously, we used anion and cation exchange 
resin as described in the literature to separate 
the 61Cu [1]. Unfortunately the literature meth-
od was too long (up to 3 hours) and requiring 
high concentration of HCl and long evaporation 
times compromising achievable yields [4]. 
Thieme S. et al., 2013 [2] reported the successful 
use of Cu-resin for the separation of Cu radioiso-
topes and it was of interest to the current work 
to test this material for the separation of 61Cu in 
our hands. 
 
A cation, anion exchange and Cu-resin were 
combined into closed system to separate the 
61Cu within 30 mins (FIG. 1). The system is de-
signed to contain the transfer of solutions be-
tween each column using simple plunger to 
force solution through and between each col-
umn. This system afforded an easy, reliable and 
fast separation of 61Cu that could be completed 
within 30 min. 
 
 
 
FIGURE 2. Excitation functions of natZn(p,x) reaction. 
Data on 61Cu, 66Ga, 67Ga and 65Zn isotope is from our 
work[5]. Data for 68Ga is from reference [6]. 
 
2. Specific activity  
The specific activity of 61Cu was determined 
using ICP-MS and by titration with three ligands 
is summarized in TABLE 1. The ICP-MS data show 
values ranging from 9.2 to 32.4 GBq/μmol for 8 
production runs. Specific activity determine 
using nota and dota were in all cases lower than 
the ICP MS data indicating some interference 
from the other metal ion contaminates such as 
Fe(ii/Iii), Ni (II), Ca (II), Zn (II), Ga (III). The specific 
activity determine using diamsar, which is 
known to be highly selective for Cu(II) (and Zn(II) 
and Fe(III)) in the presence of alkali and alkaline 
earth ions gave values significantly higher effec-
tive specific activity than that obtained using ICP 
MS. Variations in values can be explained by 
presence of contaminating metal ions.  
 
nota ICP-MS 
natZn 64Zn natZn 64Zn 
9.4 5.4 14.9 27.8 
2.4 16.3 12.0 30.9 
2.0 7.7 9.2 32.4 
6.7 2.8 10.8 31.8 
diamsar dota 
natZn 64Zn natZn 64Zn 
25.2 71.7 2.4 2.6 
14.7 59.0 1.9 4.0 
36.0 94.4 13.0 2.9 
41.6 59.6 10.4 1.6 
TABLE 1. A comparison of specific activity (GBq/μmol) 
of 61Cu determined using ICP-MS and titration with 
selected well-known ligands. 
anatural Zn data used all three resin. For 64Zn only Cu-
resin was used for separation.  
 
References  
1. P. Rowshanfarzad et al.: Appl. Radiat. Isot. 
64, pp. 1563–1573, 2006. 
2. S. Thieme et al.: Appl. Radiat. Isot. 72, pp. 
169–176, 2013. 
95
1Ali H. Asad, E-mail: ali.asad@health.wa.gov.au  
3. D.W. McCarthy et al.: J. Nucl. Med. Biol. 24, 
pp. 35–43, 1997. 
4. A.H. Asad et al.: AIP Conf. Proc. 1509, pp. 
101–107, 2012. 
5. F.S. Saleh et al.: Appl. Radiat. Isot. 65, pp. 
1101–1107, 2007. 
 
Acknowledgements  
RAPID Lab team members for technical support. 
 
96
1Corresponding author, E-mail: lapis@mir.wustl.edu 
Cyclotron Production and PET/MR Imaging of 52Mn 
A. Lake Wootena,b, Benjamin C. Lewisa,c, Richard Laforesta, Suzanne V. Smithd, Suzanne E. Lapia,b,1 
 
aMallinckrodt Institute of Radiology, Washington University School of Medicine, St. Louis, MO, United States 
bDepartment of Biomedical Engineering, Washington University in St. Louis 
cDepartment of Physics, Washington University in St. Louis 
dCollider-Accelerator Department, Brookhaven National Laboratory, Upton, NY, United States 
 
 
Introduction 
The goal of this work is to advance the pro-
duction and use of 52Mn (t1/2=5.6 d, β
+: 242 keV, 
29.6%) as a radioisotope for in vivo preclinical 
nuclear imaging. More specifically, the aims of 
this study were: (1) to measure the excitation 
function for the natCr(p,n)52Mn reaction at low 
energies to verify past results [1-4]; (2) to meas-
ure binding constants of Mn(II) to aid the design 
of a method for isolation of Mn from an irradiat-
ed Cr target via ion-exchange chromatography, 
building upon  previously published methods 
[1,2,5-7]; and (3) to perform phantom imaging 
by positron emission tomography/magnetic 
resonance (PET/MR) imaging  with 52Mn and 
non-radioactive Mn(II), since Mn has potential 
dual-modality benefits that are beginning to be 
investigated [8]. 
 
Material and Methods 
Thin foils of Cr metal are not available 
commercially, so we fabricated these in a man-
ner similar to that reported by Tanaka and Fu-
rukawa [9]. natCr was electroplated onto Cu discs 
in an industrial-scale electroplating bath, and 
then the Cu backing was digested by nitric acid 
(HNO3). The remaining thin Cr discs (~1 cm di-
ameter) were weighed to determine their thick-
ness (~75-85 μm) and arranged into stacked foil 
targets, along with ~25 μm thick Cu monitor 
foils. These targets were bombarded with ~15 
MeV protons for 1-2 min. at ~1-2 μA from a CS-
15 cyclotron (The Cyclotron Corporation, Berke-
ley, CA, USA). The beamline was perpendicular 
to the foils, which were held in a machined 
6061-T6 aluminum alloy target holder. The tar-
get holder was mounted in a solid target station 
with front cooling by a jet of He gas and rear 
cooling by circulating chilled water (T≈2-5 °C). 
Following bombardment, these targets were 
disassembled and the radioisotope products in 
each foil were counted using a high-purity Ge 
(HPGe) detector. Cross-sections were calculated 
for the natCr(p,n)52Mn reaction. 
Binding constants of Mn(II) were measured 
by incubating 54Mn(II) (t1/2=312 d) dichloride 
with anion- or cation-exchange resin (AG 1-X8 
(Cl- form) or AG 50W-X8 (H+ form), respectively; 
both: 200-400 mesh; Bio-Rad, Hercules, CA) in 
hydrochloric acid (HCl) ranging from 10 mM-8 M 
(anion-exchange) and from 1 mM-1 M (cation-
exchange) or in sulfuric acid (H2SO4) ranging 
from 10 mM-8 M on cation-exchange resin only. 
The amount of unbound 54Mn(II) was measured 
using a gamma counter, and binding constants 
(KD) were calculated for the various concentra-
tions on both types of ion-exchange resin. 
We have used the unseparated product for 
preliminary PET and PET/MR imaging. natCr metal 
was bombarded and then digested in HCl, result-
ing in a solution of Cr(III)Cl3 and 
52Mn(II)Cl2. This 
solution was diluted and imaged in a glass scin-
tillation vial using a microPET (Siemens, Munich, 
Germany) small animal PET scanner. The signal 
was corrected for abundant cascade gamma-
radiation from 52Mn that could cause random 
false coincidence events to be detected, and 
then the image was reconstructed by filtered 
back-projection. Additionally, we have used the 
digested target to spike non-radioactive 
Mn(II)Cl2 solutions for simultaneous PET/MR 
phantom imaging using a Biograph mMR (Sie-
mens) clinical scanner. The phantom consisted 
of a 4x4 matrix of 15 mL conical tubes containing 
10 mL each of 0, 0.5, 1.0, and 2.0 mM concen-
trations of non-radioactive Mn(II)Cl2 with 0, 8, 
17, and 33 μCi (corrected to start of PET acquisi-
tion) of 52Mn(II)Cl2 from the digested target 
added. The concentrations were based on previ-
ous MR studies that measured spin-lattice relax-
ation time (T1) versus concentration of Mn(II), 
and the activities were based on calculations for 
predicted count rate in the scanner. The PET/MR 
imaging consisted of a series of two-dimensional 
inversion-recovery turbo spin echo (2D-IR-TSE) 
MR sequences (TE=12 ms; TR=3,000 ms) with a 
wide range of inversion times (TI) from 23-2,930 
ms with real-component acquisition, as well as a 
30 min. list-mode PET acquisition that was re-
constructed as one static frame by 3-D ordered 
subset expectation maximization (3D-OSEM). 
Attenuation correction was performed based on 
a two-point Dixon (2PD) MR sequence. The 
DICOM image files were loaded, co-registered, 
and windowed using the Inveon Research Work-
place software (Siemens). 
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Results and Conclusion 
Cross-sections were measured for the 
natCr(p,n)52Mn reaction. The highest cross-
section measured was σ=0.15 b, which occurred 
at the highest energy measured of Ep=14.0 MeV. 
This is in agreement with previous work [1,4]. 
In the binding studies, 54Mn(II) bound quite 
effectively (KD>10
3 mL/g) to the cation-exchange 
resin at low concentrations of HCl (1, 10, 50 
mM), but its binding then decreased with higher 
concentration, reaching KD=1.2 mL/g at 3 M HCl. 
Similarly, the binding of 54Mn(II) to a cation-
exchange resin in H2SO4 was also high (KD>10
2) 
at lower acid concentrations (10 and 100 mM) 
and decreased with increasing H2SO4, reaching 
no measured binding at 3 and 8 M. With the 
anion-exchange resin, a slight trend suggested 
54Mn(II) bound more effectively to the anion-
exchange resin with increasing HCl, but the max-
imum value of KD=1.7 mL/g at 8 M HCl was very 
small. Additionally, we found that the presence 
of ethanol in HCl solutions significantly affected 
the binding of 54Mn(II) with either resin. 
Phantom PET and PET/MR imaging were 
performed, with the idea that non-radioactive 
Mn(II) would provide T1-shortening contrast in 
T1-weighted MRI and the 52Mn would provide 
PET signal. Figure 1 shows clearly the increased 
counts from PET as the activity of 52Mn added 
increased from top to bottom. It also shows 
decreasing MR signal as the concentration of 
cold Mn(II) increased from left to right. This 
occurs because TI (2,930 ms) for the MR in Fig-
ure 1 was long enough for the solutions with 
longer T1 (less Mn(II)) to relax to a more positive 
magnetization (brighter signal) compared to 
vials containing more Mn(II), shown in shades of 
gray that still show positive signal (gray=zero; 
black=negative). However, we also noticed that 
the MR signal decreases from top to bottom. We 
believe that this change in MR signal was not 
from the added 52Mn because its highest con-
centration in any vial was <2 nM, which would 
be difficult to detect by MRI. Based on the 
masses of the target foils, we estimate that the 
concentrations of Cr(III) from the dissolved tar-
get was many times the total concentration 
Mn(II): 0, 8, 16, and 33 mM. It appears that even 
though Cr(III) has a magnetic moment ~35% less 
than Mn(II), these high concentrations of Cr(III) 
have produced significant T1 shortening signal in 
the MR imaging. This MR artifact from Cr(III) 
supports the importance for effective separation 
of 52Mn. Future imaging of separated 52Mn 
product should have minimal effect on MR sig-
nals. 
In summary, we have produced thin natCr 
discs that were bombarded in stacked foil exper-
iments to measure cross-sections and to pro-
duce 52Mn for PET/MR imaging in a clinical scan-
ner. We have also performed ion-exchange bind-
ing experiments that will support ongoing work 
on separating 52Mn from a Cr target. Finally, we 
have conducted preliminary imaging studies 
investigating 52Mn as a PET agent that could be a 
tool for studying contrast agents for manganese-
enhanced MRI (MEMRI). 
 
 
FIGURE 1. PET/MR images of a phantom consisting of vials containing non-radioactive Mn(II) and un-
separated 52Mn(II) (with Cr(III)). PET: A 30 min. list-mode PET acquisition that was reconstructed as one 
static frame. Attenuation correction was performed by two-point Dixon sequence. (Radioactivity labels 
were corrected to the start of PET data acquisition.) MR: A two-dimensional inversion-recovery turbo spin 
echo MR sequence (TE=12 ms; TR=3,000 ms; TI 2,930 ms) with real-component acquisition. 
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Introduction 
52Mn (t½ =5.59 d, β
+ = 29.6%, Eβmax = 0.58 MeV) 
has great potential as a long lived PET isotope 
for use in cell tracking studies, observation of 
immunologic response to disease states, or as an 
alternative to manganese-based MRI contrast 
agents. Its favorable max positron energy leads 
to superb imaging resolution, comparable to 
that of 18F.[1] 
 
Manganese is naturally taken up by cells via a 
multitude of pathways including the divalent 
metal transporter (DMT1), ZIP8, transferrin 
receptors (TfR), store-operated Ca2+ channels 
(SOC-Ca2+), and ionotropic glutamate receptor 
Ca2+ channels (GluR).[2] These natural transport 
mechanisms make 52Mn an attractive isotope for 
applications necessitating non-perturbative cell 
uptake. In particular, cell tracking is critical to 
the development and translation of stem cell 
therapies in regenerative medicine. Alternative-
ly, 52Mn could be used in immunotherapy tech-
niques such as adoptive cellular therapy (ACT) to 
evaluate the ability of external immune cells to 
reach their intended target.  
 
Material and Methods 
52Mn was produced by natCr(p,x)52Mn using 16 
MeV protons. The average thick target produc-
tion yield was 0.23 mCi/µA-h with less than 
0.25% co-production of 54Mn. Small amounts of 
51Cr were observed in the target, but were ab-
sent from the radiochemically separated prod-
uct.  
 
Target construction consisted of a water jet 
cooled chromium disc (3/4” diameter, 0.4” 
thick). Targets were purchased from Kamis Inc, 
and are 99.95% pure. Targets withstood beam 
currents of 30 µA with no visible aberration.  
 
Chromium targets were etched by concentrated 
HCl following bombardment. Mn2+ ions were 
extracted from 9M HCl to 0.8M trioctylamine in 
cyclohexane leaving the bulk chromium in the 
aqueous phase. After isolating the organic 
phase, 0.001M NH4OH was used to back-extract 
the Mn2+ ions to aqueous phase. This purifica-
tion cycle was conducted a total of three times 
for each 52Mn production.  
 
Results and Conclusion 
For a starting bulk chromium mass of 456 ± 
1 mg, a post-separation chromium mass of 5.35 
± 0.04 ng was measured by microwave plasma 
atomic emission spectrometry (MP-AES). This 
mass reduction corresponds to an average sepa-
ration factor of 440 for a single purification cy-
cle. Each purification cycle had a 52Mn recovery 
efficiency of 73 ± 7 % (n = 6), resulting in an 
overall separation efficiency of approximately 
35 %. These efficiencies and separation factors 
agree reasonably well with the work conducted 
by Lahiri et. al.[3] Prior to use, the product was 
passed through a C-18 Sep-Pak to remove any 
residual organic phase. 
 
After four target irradiations and etchings, some 
pitting became noticeable on the target face. 
These have not yet compromised the o-ring seal 
with the target deplater, but it is possible that 
target replacement after every 6–9 52Mn pro-
ductions will be necessary moving forward.  
 
Following the successful separation of 52Mn 
from chromium, in vitro experiments were con-
ducted to demonstrate the uptake of 52Mn by 
human stem cells and mouse tumor cells. A 
linear uptake response was observed as a func-
tion of the amount of activity exposed to the 
cells for both cell models. These experiments 
have shown great promise for 52Mn as a long-
lived PET isotope in cell tracking studies. Details 
will be presented.  
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Introduction  
The 80kD glycoprotein transferrin (TF) and its 
related receptor (TFR1) play a major role in the 
recruitment by cancer cells of factors for their 
multiplication, adhesion, invasion and metastat-
ic potential. Though primarily designed to bind 
iron and then be internalised into cells with its 
receptor, TF can also bind most transition metals 
such as Co, Cr, Mn, Zr, Ni, Cu, V, In & Ga. Under 
certain conditions TF binds Ti (IV) even more 
tightly than it does Fe and that this occurs at the 
N-lobe (as distinct from C) of apoTF. Further, 
under physiological conditions the species 
Fe(C)Ti(N)-TF may provide the route for Ti entry 
into cells via TFR1 (1). Thus, the radiometal PET 
reporter isotope 45Ti with an ‘intermediate’ 
(~hrs) half-life suited to tracking cell-focused 
biological mechanisms is an attractive option for 
elucidating cellular mechanisms involving TF 
binding and internalisation, at least in (preclini-
cal) animal models.   
    45Ti (T½ = 3.08 hr; β
+ branching ratio = 85 %; 
mean β+ energy = 439keV, no significant dose-
conferring non-511keV γ-emissions) was pro-
duced using the reaction 45Sc(p,n)45Ti by irradiat-
ing (monoisotopic) scandium discs with an ener-
gy-degraded  proton beam produced by an 
18MeV isochronous medical cyclotron. Separa-
tion and purification was achieved with an hy-
droxylamine hydrochloride functionalised resin. 
Comparative microPET imaging was performed 
in an immunodeficient mouse model, measuring 
biodistributions of the radiolabels 45Ti-oxalate 
and 45Ti-human-TF (45Ti-h-TF), out to 6hr post-
injection. 
 
Materials and Methods 
High purity 15mm diameter scandium disc foils 
(99.5%, Goodfellow, UK) each thickness 0.100 ± 
0.005 mm (55 mg) were loaded into an in-house 
constructed solid-targetry system mounted on a 
300mm external beam line utilising helium-gas 
and chilled water to cool the target body (2). 
The proton beam was degraded to 11.7 MeV 
using a graphite disc integrated into the graphite 
collimator. This energy abolishes the competing 
‘contaminant’ reactions 45Sc(p,n+p)44Sc and 
45Sc(p,2n)44Ti. Beam current was measured using 
the well documented 65Cu(p,n)65Zn reaction. 
Calculations showed that the chosen energy is 
close to the optimal primary energy (~12 MeV) 
for maximising the (thin-target) yield from a 
0.100 mm thick target.  
    For separation of Ti from the Sc target two 
methods were examined; (i) ion exchange col-
umn separation using 2000 mg AG 50W-X8 resin 
conditioned with 10mL 9M HCl. Disc is dissolved 
in 1 mL of 9M HCl, which at completion of reac-
tion is pipetted into column. Successive 1 mL 
volumes of 9M HCl are added, and subsequent 
elutions collected. (ii) Following Gagnon et al., 
(3) a method employing hydroxylamine hydro-
chloride functionalised resin (’hydroxamate 
method’) was applied, similar to its use in our 
hands for purification and separation of 89Zr (2) 
following its original description for 89Zr by Hol-
land et al., (4). Disc dissolved in 2mL 6M HCl, 
then diluted to 2M. Elute through column to 
waste fraction 1 (w1 – see FIG. 1). Then elute 6 
mL of 2M HCl through column to w2, followed 
by 6 mL of traceSELECT H2O to w3. Finally, elute 
Ti into successive 1 mL product fractions (p1, 2 
etc.) using 5 mL of 1M oxalic acid. This proce-
dure takes approximate 1 hr. 45Ti in elution vials 
was measured using γ-spectroscopy. Sc in the 
same vials was determined later using ICP-MS. 
 
Results 
A typical production run using a beam current of 
40 μA for 60min on a 0.100mm-thick disc pro-
duced an activity of 1.83 GBq. Radionuclidic 
analysis of an irradiated disc using calibrated 
cryo-HPGe γ-spectroscopy revealed T½ = 2.97–
3.19 hr (95% CI) for 45Ti, and with contaminant 
44Sc < 0.19 %, with no other isotopes detected. 
    Despite systematic adjustments to column 
conditions satisfactory chemical separation was 
not achieved using the ion exchange column 
method (i), despite previous reports of its suc-
cess (5). Typical results of separation using the 
successful hydroxamate method (ii) are shown 
on the FIGURE 1. 
    It is seen that significant portion of 45Ti is lost 
in the initial washing steps leading to waste 
collection. N = 4 replicate experiments showed a 
variation (SD) of 10 % of the mean in each elu-
tion fraction. Subsequent ICP-MS of the same 
elutions for (cold) Sc showed approximately 
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80 % by mass appeared in w1 and 20 % in w2, 
with negligible total mass (total fraction 
~1/6000) of Sc in product (p1–4) vials. However, 
the FIG. 1 shows that a total of only 30% of the 
original activity of 45Ti (corrected to EOB) is 
available in the product vials, with the vial of 
highest specific activity (p1) containing 14 %. 
However, using a stack of 2×0.100mm thick Sc 
discs as a target yields isotope of adequate spe-
cific activity without need for concentration, for 
subsequent labelling and small-animal imaging 
purposes. 
 
 
 
FIGURE 1. Profile of 45Ti activity, from γ-spectroscopy, 
expressed as a percentage of total 45Ti EOB activity. 
Elution fractions w1-Ti to w3-Ti were collections from 
the 3 waste stages. Elution fractions p1-Ti to p4-Ti 
were the collected product, each of 1 mL. Elution 
profile for (cold) Sc target mass (ICP-MS) is also 
shown, with very low detection in p-fractions. 
 
In a ‘proof-of-principle’ experiment, two groups 
of healthy Balb/c-nu/nu female adult mice were 
administered with 45Ti radiotracers. The first 
group (N = 3) received approximately 20 MBq IP 
of 45Ti-oxalate buffered to pH = 7.0, and under-
went microPET/CT imaging (Super Argus PET, 
Sedecal, Spain) out to 6hr post-injection, plus 
biodistribution analysis of radioactivity by dis-
section at sacrifice (6hr). The second group (N = 
3) received approximately 20 MBq IP of 45Ti-h-TF 
and were also studied to 6hr post-injection, 
followed by radioactive analysis after dissection 
at sacrifice. Organ and tissue biodistributions of 
the two groups at 6hr were similar but with 45Ti-
oxalate showing slightly greater affinity for 
bone. Biodistribution by dissection results 
broadly confirmed the findings from PET images. 
However, TLC results suggested that similarity of 
radiolabel biodistributions of the two groups 
may be due to contamination of the TF radio-
label with non-conjugated Ti at time of injection. 
An alternative explanation is dechelation in vivo 
of 45Ti from 45Ti-h-TF.  
 
Conclusion  
Despite significant loss of 45Ti to the waste frac-
tions of the separation process (total 53 %, cor-
rected to EOB), 45Ti of acceptable specific activi-
ty and high radionuclidic purity has been pro-
duced from the reaction 45Sc(p,n)45Ti, with 
separation and purification of the product by 
hydroxamate column chemistry, confirming an 
earlier report. Though microPET in vivo imaging 
using 45Ti-based radiolabels was shown to be 
feasible, the similarity in the results for the label 
45Ti-h-TF compared with ‘raw’ 45Ti-oxalate sug-
gests further investigations. These may include a 
direct comparison of in vivo 45Ti-h-TF small-
animal imaging plus post-dissection biodistribu-
tion with the same procedures using 89Zr la-
belled h-apotransferrin (6). 
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Introduction  
Titanium-45, a candidate PET isotope, is under-
employed largely because of the challenging 
aqueous chemistry of Ti(IV).  The propensity for 
hydrolysis of Ti(IV) compounds makes radio-
labeling difficult and currently excludes 45Ti from 
use in bio-conjugate chemistry.  This is unfortu-
nate because the physical characteristics are 
extremely desirable (FIG. 1): 45Ti has a 3 hour 
half-life, a positron branching ratio of 85%, a low 
Emax of 1.04 MeV, and negligible secondary 
gamma emission1.  In terms of isotope produc-
tion, 45Ti is transmuted from naturally mono-
isotopic 45Sc by low energy proton irradiation.  
The high cross-section (300-400 mb from 7.8-
14.4 MeV2) and resulting production rates on an 
unenriched metal foil target contribute to make 
45Ti an ideal PET radionuclide.     
 
 
FIGURE 1:  The simplified decay scheme of 45Ti 
In order to even bring 45Ti to a preclinical setting, 
the hydrolytic instability of aqueous Ti(IV) needs 
to be addressed.   
Titanium citrate is a good example of a Ti(IV) 
complex that is hydrolytically stable at physio-
logical pH3, and is the basis for two of the very 
few preclinical radio-tracing publications em-
ploying 45Ti4,5. The results from Vavere and 
Welch4 showed that 45Ti administered as citrate 
rapidly transchelated to transferrin (Tf) in se-
rum.  While this property proved useful for 
tracking the distribution of Tf, it precludes the 
use of Ti-citrate as a platform for bioconjugate 
chemistry.  
Recently, the groups of Edit Tshuva (Hebrew 
University of Jerusalem) and Thomas Huhn (Uni-
versity of Konstanz) have synthesized several 
hydrolytically stable Ti(IV) compounds based 
upon the salan ligand (a diamine bisphenolato 
complex)6–9. Interestingly, many of these com-
pounds have shown heightened cytotoxicity 
against HT-29 and other cell lines compared to 
traditional metal-based chemotherapeutics such 
as cis-platin8.   
The salan-based titanium compounds prompt 
two interesting topics for radiochemical investi-
gation.  First, the biodistribution of these anti-
proliferative agents may be traced with 45Ti.  
Second, the ligand system may be exploited as a 
scaffold for bioconjugate chemistry with 45Ti.  
The aim of our work is to investigate different 
methods of producing the radioactive analogue 
of one of these Ti(IV)-salan compounds, Ti-salan-
dipic7 (depicted in FIG. 2), which has hydrolytic 
stability on the order of weeks, and is TLC-
traceable.  In the current report we present 
some of the methods we surveyed to separate 
45Ti from irradiated scandium. Reactions with 
salan and dipic (pyridine-2,6-dicarboxylic acid) 
are presented as assessments of the chemical 
viability of the extracted 45Ti by each method. 
 
FIGURE 2: A structural depiction of Ti-salan-dipic 
Material and Methods  
45Ti was produced by proton irradiation of 250 
μm scandium foils (Alfa Aesar) at currents rang-
ing from 10-20 μA on a GE PETTrace. A 500 μm 
aluminum degrader was used to take the proton 
energy down from the nominal 16.5 MeV.  The 
scandium was cooled by contact to a water-
cooled silver plate.   
The activated foil was dissolved in 4 M HCl, dried 
under argon at 120 oC, and taken back up in 12  
M HCl.  The intention of using 12 M HCl was to 
restrict hydrolysis in the aqueous environment, 
and revert any titanyl ions to Ti(IV) chlorides 10.  
Next, four (i-iv below) different approaches to 
45Ti 
45Sc 
3.08 h
stable
85% β+ 
15 % EC
Eave β+= 439 keV
QEC = 2.06 MeV
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recovering the 45Ti from the aqueous environ-
ment were taken with varying success. Radio-
chemical purity and reaction yield was assessed 
with silica TLC in 1:1 chloroform : ethyl acetate.  
When necessary, a co-spot of non-radioactive Ti-
salan-dipic (clearly visible, distinctive orange 
color) was added in order to confirm the Rf val-
ue, which varied from 0.53-0.60 depending on 
residual solvents. 
   
i. Hydroxamate Resin: 
 45Ti was separated on hydroxamate resin, as 
presented by K. Gagnon11 with minor modifica-
tions.  Briefly, hydroxamate resin was prepared 
as described by Holland et al.12, and washed 
with 12 M HCl.  The dissolved and reconstituted 
Sc (16 mg) plus 45Ti in 12 M HCl (1 mL) was 
passed slowly over approximately 100 mg resin 
in an 8mm ID column with polyethylene frits. 
Flow was controlled by gravity. Salan in pyridine 
(20 mg, 1 mL) was passed through, followed by 
addition of dipic in pyridine (10 mg, 1 mL) while 
heating.  The lability of 45Ti remaining on the 
column was determined by passing 1 M citric 
acid over the column and trapping the eluted 
activity on a QMA Sep-Pak cartridge (Waters). 
 
ii. Solvent Extraction: 
 45Ti was extracted into 1-octanol following the 
method reported by Siikanen et al13.  First, the 
activity and Sc laden HCl (2.8 mg in 1.1 mL) was 
vortexed with 1-octanol (3 mL) and allowed to 
settle.  To strip the Sc, the aqueous phase was 
removed, and replaced with 1 mL of fresh 12 M 
HCl.  The mixture was vortexed again, settled, 
and the aqueous phase removed. Then the or-
ganic phase was stripped again and settled by 
centrifugation. Finally, 1 mL of the organic phase 
was used directly for radiolabeling by addition of 
1 mL salan in pyridine (50 mg/mL) followed by 
mixing with 1 mL dipic in pyridine (23 mg/mL) at 
60 oC for 15 minutes.  
 
iii. Hydrophobicity Pairing: 
As a next approach, the solvent extraction 
method was transferred to solid phase. Here, 
45Ti was trapped on a C-18 cartridge that had 
been pre-loaded with 1-hexanol, similar to ion-
pairing.  The C-18 was prepped with 1 mL 1-
hexanol, and then washed with 0.5 mL 12 M HCl.  
The Sc plus 45Ti in HCl (7 mg Sc, 200 µL) was 
passed over the cartridge, followed by 1 mL HCl 
wash. The cartridge was eluted with 1 mL iso-
propanol. Salan in pyridine (63 mg/mL) and dipic 
in pyridine (32 mg/mL) were added to the iso-
propanol, and mixed for 15 min at 60 oC. 
 
iv. Extraction onto solid supported 1,3 diol: 
158 mg Hypogel 200 diol (RAPP polymers) was 
equilibrated for 20 minutes in 12 M HCl, and 
packed into an 8 mm ID column with polyeth-
ylene frits. 500 µL of reconstituted Sc/45Ti was 
added to the top, and dripped through with light 
pressure (approximately 1 drop per minute).  
The resin was then washed with 500 µL more 
HCl and rinsed with dry acetonitrile. 
Next, 1 mL salan in pyridine (60 mg/mL) was 
pushed through slowly, followed by dipic in 
pyridine (1 mL, 30 mg).   
 
Results and Discussion  
The results and observations from each method 
described above are given in the next sections: 
i.  Hydroxamate Resin: 
Upon addition of the dissolved Sc to the column, 
the top of the resin showed a bright yellow 
band, and the activity was almost quantitatively 
trapped (99%).  Addition of salan and dipic had 
no apparent effect upon the 45Ti, which was not 
moved from the resin in either case.  Washes 
with pyridine and methanol also did not remove 
activity from the column as would be expected if 
the [45Ti] Ti-salan-dipic had been successfully 
synthesized.   
As a test, the resin was washed with 1M citric 
acid with the eluent passing over a QMA Sep-
Pak.  In our experience citric acid removes large 
quantities of unreacted 45Ti from the resin in a 
form that can be trapped on the QMA resin.  
This characteristic behavior was observed in the 
current case, indicating that the hydroxamate 
resin restricted reaction with salan and dipic, but 
did not irreversibly bind the titanium. 
 ii. Solvent extraction: 
The solvent extraction method did not deviate 
from the expected behavior. Overall, after three 
emulsions and settlings, the organic phase con-
tained 48% of the 45Ti activity.  Because the 
organic phase was used directly for synthesis, 
back extraction methods were not tested. 
Upon addition of salan in pyridine, white fuming 
was observed. This is likely due to the quenching 
of residual HCl in the organic phase by the basic 
pyridine.  The reaction yield was 53%, giving an 
overall yield of 25%.  The incomplete reaction 
can possibly be due to hydrolysis of Ti from 
residual water in the octanol after the extraction 
process. Additionally, 1-octanol presented a 
problem on the TLC by splitting the product 
peak.  This splitting was also observed with the 
non-radioactive, non-trace, compound in the 
presence of octanol, and was therefore attribut-
ed to an octanol artifact. 
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 iii. Hydrophobicity pairing: 
After some success with the solvent extraction 
method, a new approach was taken based on 
the same chemistry.  The aim was to perform 
the solvent extraction on solid phase, thereby 
limiting radiation exposure during phase mixing, 
and restricting the volume of long-chain alcohol 
that would be present in the labeling solution. 
In this method, 1-hexanol was passed over a C-
18 plus Sep-Pak in order to functionalize it.  The 
concept was similar to ion-pairing used in HPLC 
chromatography, where the functionality of a 
reversed-phase column is altered by hydropho-
bic interactions with a molecule bearing a lipo-
philic side-chain and the analyte-interacting 
moiety. When the activity and Sc in HCl was 
passed over the resin, 33% of the titanium was 
trapped (a control experiment without 1-
hexanol gave negligible extraction of 45Ti).  This 
was easily eluted with 100% efficiency by inter-
rupting the hydrophobic interaction between 1-
hexanol and the solid phase with 1mL of isopro-
panol. Reaction with the ligands converted 86% 
of the 45Ti to [45Ti]Ti-salan-dipic.  
iv. Extraction onto solid supported 1,3 diol: 
The 1,3-diol resin did not swell, nor did it appear 
to wet very efficiently in HCl. Also, passage of 
the Sc/HCl solution was slow under gravity, and 
had to be aided with occasional light pressure. 
Nevertheless, the resin trapped 96% of the 45Ti 
that was applied to it.  Pyridine caused signifi-
cant swelling of the resin. 
The reaction with salan removed 15% of the 
activity, and caused the solid phase to turn a 
bright yellow color.  The eluent was a deep blue-
violet color, which was later found to be due to 
Fe (by ICPOES measurement), presumably as a 
soluble salan complex.  The reaction with dipic 
caused release of 40% of the 45Ti, with >70% 
being present as the final product [45Ti]Ti-salan-
dipic.  In follow-up experiments using this meth-
od, we found that heating the recovered eluent 
leads to full conversion. 
Summary 
The trap, release, and yields for the four meth-
ods listed above are shown in TAB. 1.  Although 
the overall yields are very similar for methods ii, 
iii, and iv, the most promising result was with 
the 1,3-diol resin because it had the added ad-
vantage of reacting on-column, and releasing on 
addition of the dipic ligand.  This is an important 
point for moving forward with a pure production 
of [45Ti]Ti-salan-dipic, because it allows removal 
of excess salan ligand –a challenging purification 
due to the similarities between Ti-salan-dipic 
and salan itself. The other methods appear to be 
reasonable approaches for isolating 45Ti, but in 
the specific situation of reactions with salan and 
dipic, they are not the best choice.   
 
 Method 
% 
Trap Release Yield 
i SPE HX. 99 0 0 
ii Solv.extr. 48 - 25* 
iii SPE / hex. 33 100 26 
iv SPE diol 96 40 28 
TABLE 1. Results for trap and release of 45Ti and 
subsequent labeling yield (as percentage of 
activity before trapping, not decay corrected) of 
[45Ti]Ti-salan-dipic for conditions described 
above. *The presence of 1-octanol caused ab-
normal chromatography (peak splitting).  
 
Conclusion 
We conclude that the hydrolytically stable 45Ti 
compound [45Ti]Ti-salan-dipic can be synthesized 
in high yield after trapping of 45Ti on a 1,3-diol 
resin, and reacting on-column. Additionally, it is 
possible that the other methods presented for 
isolating 45Ti out of HCl mixtures may find use in 
other applications requiring different solvents or 
employing different ligands. We hope that this 
work adds to the base-knowledge of 45Ti radio-
chemistry, and helps push 45Ti toward more 
widespread applications.  
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Introduction  
Radiometals are finding more and more applica-
tions in molecular imaging and targeted therapy. 
For PET imaging, all the novel radiometals are 
directly or indirectly produced on cyclotrons. 
Key step in their production is achieving proper 
radionuclidic, radiochemical and chemical purity, 
as well as high specific activity. Automation of 
the process enhances reproducibility, shortens 
necessary operations and decreases radiation 
burden.  
We have, therefore, developed universal radio-
metal automated laboratory workbench (RALW) 
that is focused on separation processes from 
solid and liquid (solution) targets via solid phase 
extraction (SPE). 
 
Material and Methods  
RALW is versatile platform for separation, for-
mulation and simple labeling processes. The 
following FIG. 1 displays its basic scheme.  
 
 
FIGURE 1. Scheme of the RALW 
 
RALW´s main parts are: two reactors, two selec-
tors, peristaltic pump, 3/2 way valves, and sepa-
ration column.  
Prime reactor R1 is designed to carry out several 
functions. It can transport solid target material 
from shielding container to process position, or 
handle liquid target filling. In both cases, the 
reactor is leakage-free up to 5 bars.  
There are 4 positions available to bring solvents 
to the reactor 1 or applying on a SPE column 
according to the separation sequence with use 
of peristaltic pump. Smart software allows for 
collecting defined fractions leaving the column, 
e.g. enriched target matrix and the desired radi-
onuclide, by monitoring activity profile and con-
trolling the splitting valves.  
The system also minimizes losses during trans-
port of the solvents/fractions to the reactor R2 
and the software also controls final volume 
settings (activity concentration) of the product. 
Up to three positions are available for bringing 
solvents/solutions to the reactor R2 for formula-
tion or simple labeling steps like chelation.  
The system’s hardware is driven by a PLC and 
I/O cards. The PLC is placed outside the module 
to avoid radiation damage. The module, PLC and 
host PC communicate via an Ethernet cable. This 
solution significantly reduced number of cables 
connecting the module with other component in 
the control chain. The PLC is controlled via host 
PC equipped with user-friendly interface. 
 
Results and Conclusion 
The presented RPLW system is rather versatile 
tool for separation of metal radionuclides and 
simple post-processing (formulation/labelling) of 
the product in stable environment and easy 
control mechanisms. The RPLW operating proto-
type is shown on the FIG. 2. 
 
 
FIGURE 2. The RALW prototype 
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Introduction 
The embrace of PET by medical clinicians has 
been reluctant (ΔT ≈ 20 yr) primarily due to the 
scale of the infrastructure that is needed. The 
capital cost of a cyclotron (≈ 106 USD) is now 
dwarfed by the demand for compliance to re-
cent regulatory standards. This is a recurring 
expense, not only imposing an order-of-
magnitude increase in staffing and operating 
costs, but damping the enthusiasm of research-
ers recalling the brisk pace of research in earlier 
days. Now an academic site, with little interest 
or opportunity to scale up production for wider 
distribution, is burdened by the new regulatory 
terrain of good manufacturing practice (GMP), 
mandated for translational studies that will 
reach only a few subjects. With our production 
resources held within a basic science depart-
ment, the Medical Physics cyclotron facility at 
the University of Wisconsin has sought a sus-
tainable pathway. We now anchor the operating 
budget by providing high-value, long-lived radi-
onuclides to off-site users, to buffer the fluctua-
tions of local demand for conventional PET 
synthons.  
Material and Methods: The tools of the trade 
The radioisotopes discussed here belong to the 
3-d and 4-d sub shell, but are now moving into 
the rare-earths, with applications ranging from  - targeted molecular imaging agents,  - internal radionuclide therapy using to 
Auger electron-emitters,  - to basic physics experiments using 
163Ho (t1/2 ≈ 4500 yr) to determine the 
mass of the neutrino.  
Rather than focusing on the dozens of radionu-
clides produced, a number of tools deserve 
mention, as they support a variety of targets, 
reactions and products. These will be listed in 
order (A-G) from cyclotron to extraction to anal-
ysis. 
A. Two cyclotrons are used, a legacy RDS 
112 (#1; 1985) and a GE PETtrace 
(2009). Neutron and gamma detectors 
are monitored during the long irradia-
tions, signaling any subtle changes in 
the running conditions. (1). The PET-
trace is fitted with a quick-change vari-
able degrader target (2), as well as a 
beam-line with a 5-port (0 o, ±15 o, 
±30 o) vertical switching magnet (3). 
The downward directed beam ports 
provide support for solid targets (e.g. 
Ga, S, Se, Te) that melt at low tempera-
ture. The irradiation of gas targets em-
ploys a generalized manifold to handle 
inert gases such as 36Ar for the produc-
tion of 34mCl, as well as natural Kr and 
Xe for making Rb and Cs isotopes to act 
as fission product surrogates. These 
products are captured on a stainless 
steel target chamber liner, and rinsed 
off with warm water. The alkali metals 
are convenient tracers to study the ion 
exchange trapping process, pivotal in 
future 99Mo production from solution 
reactors (4).  B. The preparation of malleable solid tar-
gets employs a 10-ton hydraulic bench 
press, and a jeweler’s mill to roll out 
foils from pellets, pressed between Nb 
foils to avoid contamination.  C. Binary alloys are smelted in a pro-
grammable 1600o tube furnace under 
argon flow (eg. NiGa4). Alternatively, an 
induction furnace now permits highly 
localized heating of the binary metal 
charge, while allowing mechanical agi-
tation during the smelting process.  D. Electroplating onto gold discs is used 
for various enriched target material or 
the alloys above where quantitative re-
covery is essential, or where heat trans-
fer from high beam current is demand-
ing.  
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E. The separation chemistry, prior to che-
lation to targeted molecular imaging 
agents, is performed in LabView-driven, 
home-built “black boxes” resident in 
mini-cells (Radiation Shielding Inc.). F. Analysis of the targets after irradiation 
makes use of HPGe spectroscopy for 
gammas and characteristic X-rays of 
decay (e.g. rare earths). The elemental 
constitution of target alloys is deter-
mined prior to irradiation by X-ray fluo-
rescence analysis, excited by 109Cd and 
241Am sources.  G. Finally, broad-band elemental analysis 
at the ppb level now makes use of a 
microwave plasma atomic emission 
spectrometer (Agilent 4200), to be de-
scribed elsewhere in this meeting.  
Results and Conclusions 
The tools above (A-G) are employed in the pro-
duction of the expanded list of radionuclides 
offered by our cyclotron group to both local and 
off-site colleagues. The list below is ordered in 
terms of decreasing use, from regular produc-
tion for national distribution (64Cu, 89Zr), to 
weekly in-house use (44Sc, 66,68Ga, 68,69,71Ge, 72As, 
61Cu, 86Y), to infrequent production for multi-site 
collaborations (163Ho, 95mTc, 206Bi): 
Radionuclide    Target Employs 
64Cu          64Ni/Au A, D, G 
89Zr           natY A, E, G 
44Sc          natCa A, B, E, F, G 
66, 68Ga          Zn/Ag A, B, D, E, F, G 
68, 69, 71Ge      Ga, GaO2       A, B, C, E,F 
72As         GeO2 A, B, E, F 
52Mn         natCr A, E, F, G 
76, 81mBr          SeO A, E, F 
34mCl, Rb, Cs   noble gas      A, E, F 
95mTc,163Ho   Mo, Dy            A, E, F 
 
TABLE 1. Target materials and processes. 
 
The production of long-lived radionuclides lends 
itself to crowd-sourcing, with distributed irradia-
tion at virtually any site with a suitable accelera-
tor and a relaxed beam schedule. A number of 
unique challenges do arise that don’t appear in 
the usual production of conventional cyclotron 
products such as 11C or 18F. Contamination by 
stable metals, inadvertently introduced by tar-
get pressing or beam-induced sputtering from 
degraders, can cause serious interference 
downstream limiting effective specific activity. 
Long-lived manganese isotopes are ubiquitous. 
And some very high value products are simply 
not within the reach of small cyclotrons, such as 
52Fe and 67Cu, being too far off the line of beta 
stability.  
In conclusion, the research leading to a doctoral 
degree necessarily must focus on the physics 
and chemistry of novel radionuclides and trac-
ers. On the other hand, clinical and translational 
research needs established imaging agents, with 
little room for innovation within the regulatory 
constraints. Our experience at Wisconsin has led 
us to a balancing act, with our routine produc-
tion of clinical doses countered with our re-
search program to provide high-value radionu-
clides for our collaborative work with our basic 
science colleagues.  
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Introduction 
Two current major research topics in nuclear 
medicine are in the development of long-lived 
positron-emitting nuclides for imaging tracers 
with long biological half-lives and in 
theranostics, imaging nuclides which have a 
chemically analogous therapy isotope. As shown 
in TABLE 1, the radioisotopes of arsenic (As) are 
well suited for both of these tasks with several 
imaging and therapy isotopes of a variety of 
biologically relevant half-lives accessible through 
the use of small medical cyclotrons. The five 
naturally abundant isotopes of germanium are 
both a boon and challenge for the medical nu-
clear chemist. They are beneficial in that they 
facilitate a wide array of producible radioarsenic 
isotopes. They are a challenge as monoisotopic 
radioarsenic production requires isotopically-
enriched targets that are expensive and of lim-
ited availability. This makes it highly desirable 
that the germanium target material is reclaimed 
from arsenic isolation chemistry.  
 
 t1/2 
Production 
reaction  
(% nat. abun.) 
Application 
70As 53 min 
70Ge(p,n) 
(20.4 %) PET 
71As 65.3 h 
70Ge(d,n) 
(20.4 %) PET/SPECT 
72As 26.0 h 
72Ge(p,n) 
(27.3 %) PET 
73As 80.3 d 
73Ge(p,n)  
(7.8 %) Auger therapy 
74As 17.8 d 
74Ge(p,n) 
(36.7 %) PET 
76As 26.4 h 
76Ge(p,n)  
(7.8 %) β
– therapy 
TABLE 1. Properties of radioarsenic isotopes 
 
One major factor which has limited the devel-
opment of radioarsenic has been difficulties in 
its incorporation into biologically relevant tar-
geting vectors. Previous studies have labeled 
antibodies and polymers through covalent bond-
ing of arsenite (As(III)) with the sulfydryl 
group1,2,3. Recent work in our group has shown 
the facile synthesis and utility of superparamag-
netic iron oxide nanoparticle- (SPION-)bound 
radioarsenic as a dual modality positron emis-
sion tomography (PET)/magnetic resonance 
imaging (MRI) agent4. 
Presently, we have built upon previous stud-
ies producing, isolating, and labeling untargeted 
SPION with radioarsenic4,5. We have incorpo-
rated the use of isotopically-enriched 72GeO2
 for 
the production of radioisotopically pure 72As.  
The bulk of the 72GeO2 target material was re-
claimed from the arsenic isolation chemical 
procedure for reuse in future irradiations. The 
72As was used for ongoing development toward 
the synthesis of targeted, As-SPION-based, dual-
modality PET/MRI agents. 
 
Material and Methods 
Targets of ~100 mg of isotopically-enriched 
72GeO2 (96.6% 
72Ge, 2.86% 73Ge, 0.35% 70Ge, 
0.2% 74Ge, 0.01% 76Ge, Isoflex USA) were 
pressed into a niobium beam stop at 225 MPa, 
covered with a 25 µm HAVAR containment foil, 
attached to a water-cooling target port, and 
irradiated with 3 µA of 16.1 MeV protons for 2–3 
hours using a GE PETtrace cyclotron. After irra-
diation, the target and beam stop were assem-
bled into a PTFE dissolution apparatus, where 
the 72GeO2 target material was dissolved with 
the addition of 2 mL of 4 M NaOH and subse-
quent stirring. After dissolution was completed, 
the clear, colorless solution was transferred to a 
fritted glass column and the bulk 72GeO2 was 
reprecipitated by neutralizing the solution with 
the addition of 630 µL [HCl]conc, filtered, and 
rinsed with 1 mL [HCl]conc. To the combined 
72As-
containing filtrates, 100 µL 30% H2O2 was added 
to ensure that 72As was in the nonvolatile As(V) 
oxidation state. The ~3 mL solution was then 
evaporated at 115 ˚C while the vessel was 
purged with argon, followed by a second addi-
tion of 100 µL H2O2 after the volume was re-
duced to 1 mL. When the filtrate volume was 
~0.3 mL, the vessel was removed from heat, 
allowed to cool with argon flow, and the arsenic 
reconstituted in 1 mL [HCl]conc and loaded onto a 
1.5 mL bed volume Bio-Rad AG 1×8, 200–400 
mesh anion exchange column preconditioned 
with 10 M HCl. The radioarsenic was eluted in 
10 M HCl in the next ~10 mL, with 90% of the 
activity eluting in a 4 mL fraction. The column 
was then eluted with 5 mL 1 M HCl. The 72As-rich 
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10 M HCl fraction was reduced to As(III) with the 
addition of ~100 mg CuCl, and heating to 60 ˚C 
for 1 hour. The resulting AsCl3 was then extract-
ed twice into 4 mL cyclohexane, which were 
combined and back extracted into 500 µL of 
water as As(OH)3. 
This solution of 72As in H2O was then used 
directly to label SPION and for subsequent ex-
periments conjugating 72As-SPION with TRC105, 
an angiogenesis-marking monoclonal antibody 
(MAb) targeting endoglin/CD105. Several meth-
ods were initially attempted involving directly 
conjugating the surface-modified SPION to the 
MAb through a polyethylene glycol (PEG) linker. 
More recent studies have investigated the radi-
oarsenic labeling of SPION encapsulated in hol-
low mesoporous silica nanoparticles 
(SPION@HMSN) and its subsequent conjugation 
to TRC105. 
 
Results and Conclusion 
Irradiation of pressed, isotopically-enriched 
72GeO2 resulted in a production yield for 
72As of 
17 ± 2 mCi/(µA·hr·g) and for 71As of 0.37 ± 
0.04 mCi/(µA·hr·g), which are 64 % and 33 %, of 
those predicted from literature6, respectively. 
However, these production yields are in agree-
ment with those scaled from observed produc-
tion yields using analagous natGeO2 targets. The 
end-of-bombardment 72As radionuclidic purity 
can be improved by minimizing the 
72Ge(p,2n)71As reaction by degrading the beam 
energy. A 125 µm Nb containment foil would 
degrade impinging protons to 14.1 MeV and is 
predicted to reduce 71As yield by a factor of 
three, while only reducing 72As yield by 1 %6, 
improving end-of-bombardment radionuclidic 
purity from 98 % to greater than 99 %. 
Overall decay-corrected radiochemical yield 
of the 72As isolation procedure from 72GeO2 
were 51 ± 2 % (n = 3) in agreement with those 
observed with natGeO2 57 ± 7 % (n = 14). The 
beam current was limited to 3 µA as higher cur-
rents 4–5 µA exhibited inconsistent dissolution 
and reprecipitation steps, resulting in an overall 
yield of 44 ± 21 % (n = 6). Dissolution time also 
played an important role in overall yield with at 
least one hour necessary to minimize losses in 
these first two steps. The separation procedure 
effectively removed all radiochemical contami-
nants and resulted in 72As(OH)3 isolated in a 
small volume, pH~4.5 water solution. Over the 
course of minutes to hours after back extraction, 
rapid auto-oxidation to 72AsO4H3 was observed. 
The bulk 72GeO2 target material, which was re-
claimed from the isolation procedure, is being 
collected for future use. 
The synthesis of a targeted PET/MRI agent 
based on the functionalization of 72As-SPION has 
proved to be a difficult task. Experiments conju-
gating 72As-SPION to TRC105 through a PEG 
linker were unsuccessful, despite the investiga-
tion of a variety bioconjugation procedures. 
Current work is investigating the use of 
SPION@HMSN, which have a similar affinity for 
72As as unencapsulated SPION. This new class of 
72As-labeled SPION@HMSN has a hollow cavity 
for potential anti-cancer drug loading, as well as 
the mesoporous silica surface, which may facili-
tate the efficient conjugation of TRC105 using a 
well-developed bioconjugation technique.  
In summary, radioarsenic holds potential in 
the field of diagnostic and theraputic nuclear 
medicine. However, this potential remains 
locked behind challenges related to its produc-
tion and useful in vivo targeting. The present 
work strives to address several of these chal-
lenges through the use of enriched 72GeO2 target 
material, a chemical isolation procedure that 
reclaims the bulk of the target material, and the 
investigation of new targeted nanoparticle-
based PET/MRI agents. 
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Introduction 
The worldwide use of PET has proven beyond 
dispute the importance for both routine diagno-
sis and physiological, oncological and pharmaco-
logical research. In many ways the present suc-
cess of PET relies on the mature technology of 
PET compact medical cyclotrons. As long time 
developers of new targets, isotopes and com-
pounds, we have been inclined to look for new 
block-buster applications, high power targets 
and sustainable ways of embracing the GMP and 
regional distribution, but recent pioneering 
development [1] around very small cyclotrons 
and “embedded synthesis and qc” has pointed 
out an old, but important nuclear physics lesson 
now halfway forgotten: that many PET isotopes 
can be made in high yields with proton energies 
far below 10 MeV [2]. This has opened a new 
interest in small cyclotrons and their targets.  
We have been testing the first GE Healthcare 
Prototype for a 7.8 MeV negative ion, internal 
ion source cyclotron with 3 production targets 
mounted on a short beamline. Here we present 
the first experimental yields of some of the im-
portant PET radionuclides. 
 
FIGURE 1. Prototype cyclotron; the beamline and tar-
gets extending to the right 
 
Materials and methods  
The prototype cyclotron (FIG. 1) has been in-
stalled and tested without self-shield in desig-
nated experimental area in order to establish 
the neutron field around accelerator and targets 
in order to qualify design calculations for a fu-
ture integrated shield.  
The cyclotron energy is fixed by the radial posi-
tion of the extraction foil, while the azimuth 
determines which of the 3 targets are being 
irradiated. The beam energy at front of target 
foil was determined on several occasions: 7.8 ± 
0.1 MeV by a 2 copper-foil sandwich method 
(adopted from [3]). The available beam inside 
the cyclotron at extractor position is > 50 μA, 
and 35 μA are easily and long term reliably ex-
tracted (> 90 %) on to any of the 3 target posi-
tions. The prototype is capable of delivering 
more than 40 μA to target, but target current 
was limited to 35 μA under present unshielded 
conditions.  
 
Results 18F 
We have tested the prototype gridded (> 80 % 
transmission) niobium body target with 10μm 
Havar foil using 95 % 18O water and 35 μA on 
target + grid with yields given in TABLE 1. The 
observed yields corrected for stopping in foil, 
grid loss and water enrichment are 75 % of theo-
retical. One Fastlab FDG run using 2 h irradiation 
yielded 16 GBq FDG EOS, confirming the “usual” 
18F activity. 
Tb (h) I (µA) 
AEOB (GBq) 
18F No. of runs.  
0.5 35 10.3 ± 0.8 15  
1 35 14.5 ± 1.3 3  
2 30–35 22.5 1   
TABLE 1. 18F EOB activity 
Results 11C 
Using gridded target and a 10μm foil with 99% 
N2 + 1 % O2 at 10 bar followed by trapping into 
ascarite gave EOB activity as shown in TABLE 2. 
Tb (h) I (µA) 
AEOB (GBq) 
11C No.of runs.  
0.5 35 13.6–14.0 2  
TABLE 2. 11C activities recovered at EOB 
Results 13N 
We know that the 16O(p,alpha)13N cross section 
is a very steep function of energy around 7.8 
MeV. In the hope of using the simple water 
target route to 13N NH3 we have measured the 
13N yields (corrected for 18F contribution). It is 
still unclear if these yields can be improved to 
make useful single doses of ammonia. 
Tb (h) I (µA) 
A Saturation(MBq) 
13N No.of runs.  
0.33 30 220+/-35 4  
TABLE 3. 13N activities (liq + gas) corrected to steady 
state yields 
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Results for other isotopes 
We have used solid targets to make 45Ti, 64Cu, 
68Ga and 89Zr. The development of these solid 
targets is still in progress, but especially the 68Ga 
yield looks promising (3 GBq EOB after 1 h on 
natural Zn will give > 15 GBq on enriched 68Zn). 
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Introduction 
To explore new questions and techniques in 
nuclear medicine, new isotopes with novel 
chemical and nuclear properties must be devel-
oped. We are interested in the small cyclotron 
production of new radiometals for the develop-
ment of new radiopharmaceuticals (RX). In an 
example of RX multifunctionality, Luminescence 
Cell Imaging (LCI) has been combined with radio-
isotopes to allow compounds that can be im-
aged with both optical microscopy and nuclear 
techniques [1]. Within this field, iridium cy-
clometalates have good potential with excellent 
photophysical properties [2]. As well, low specif-
ic activity iridium-192 has found use in brachy-
therapy as a high-intensity beta emitter [3]. 
Despite this, iridium radioisotopes have yet to 
be applied to cyclometalation chemistry, or a 
radiochemical isolation method developed for 
carrier free production on a medical cyclotron. 
Our goal is to demonstrate the feasibility of the 
production and isolation of radio-iridium, and its 
application to cyclometalate chemistry as a 
potentially interesting tool for nuclear medicine 
research.  
 
Materials and Methods 
Following literature precedent [4], natural osmi-
um was electroplated onto a silver disc from 
basic media containing osmium tetroxide and 
sulphamic acid. The thin deposits obtained (15–
20 mg cm−2) were weighed and characterized 
with scanning electron microscopy. 
 
Targets were irradiated using the TRIUMF TR13 
cyclotron, delivering 12.5 MeV protons to the 
target disc. Initial bombardments were per-
formed at 5 μA; gamma spectra of the targets 
were collected 24 hours after end of bombard-
ment.  
 
The irradiated material was oxidized, dissolved 
from the target backing, and separated via anion 
exchange. 
 
In parallel to the isotope production work, non-
radioactive iridium was used to define a chemi-
cal procedure suitable for the synthesis of model 
iridium cyclometalate compounds given low 
concentrations of radioiridium. These experi-
ments will be performed with radioactive iridi-
um in the next step of the research project. 
 
Results and Conclusion 
Proton bombardment of natural osmium yielded 
a range of iridium isotopes, with characteristic 
spectral lines corresponding to 186-190Ir, and 192Ir; 
no other characteristic radiation was observed. 
The EOB activity of each isotope was then used 
in thin target calculations to approximate their 
(p,n) cross section. Preliminary cross section 
measurements of the 192Os(p,n)192Ir reaction (53 
± 13 mb @ 12.5 MeV) confirm published data 
(52.3 ± 5.7 mb @ 12.2 MeV) [6], and provide as-
yet unpublished data on the lower mass number 
isotopes. 
 
The progress of radioactive iridium through the 
radiochemical separation was tracked with a 
dose calibrator; the osmium complex formed 
was brightly coloured and could be seen re-
tained on the column. The overall efficiency of 
the process is estimated at 80 %. Radioactive 
cyclometallation chemistry is currently under-
way. 
 
The production and isolation of a range of iridi-
um isotopes in a chemically useful form was 
demonstrated, and is ready to be applied to a 
cyclometalate model compound. Future work 
will investigate the production of 192Ir from en-
riched 192Os. 
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Introduction 
Difficulties with reproducibility of isolation yields 
when distilling 211At from irradiated bismuth 
targets led us to use a “wet chemistry” approach 
for that process1. The wet chemistry approach 
has provided 211At isolation yields of ~ 78 % after 
decay and Bi attenuation corrections2. However, 
the use of diisopropyl ether (DIPE) in the separa-
tion process has made it difficult to reach our 
goal of automating the 211At isolation.  There-
fore, we have investigated the use of column 
materials to simplify the isolation of 211At and 
remove DIPE from the process. In this investiga-
tion we evaluated the use of a strong anion 
exchange resin (AG1×8), a strong cation ex-
change resin (AG MP-50) and a polyethylene 
glycol (PEG)-coated resin for separation of 211At 
from the bismuth target material. 
Material and Methods 
Anion and cation resins AG1×8 and AG MP-50 
were obtained from commercial sources. A PEG-
coated resin was prepared by reaction of the 
Merrifield resin with mPEG-OH 2000 in the pres-
ence of tBuOK at 80 °C for 3 days, followed by 
drying under vacuum. Prior to use of the PEG 
resin, it was soaked in H2O. Resins (400–800 mg) 
were loaded into polypropylene columns (Ap-
plied Separations, Inc.). Column elution studies 
were conducted with and without reductants 
(0.75M FeSO4/1M H2SO4 or Na2S2O5) to deter-
mine their effect on capture of 211At. After target 
dissolution in HNO3 (and in most cases subse-
quent removal of HNO3 by distillation and redis-
solution of solid in 8M HCl), 211At solution was 
loaded onto the column, then the column was 
washed with 2M HCl or H2O to separate the Bi, 
and finally was eluted with strong base to re-
move the 211At.  
Initial studies were conducted with stable iodine 
to determine if reductants were effective in the 
presence of large amounts of bismuth ions. 
Studies with AG1×8 used 125I to determine if that 
radiohalogen could be captured and recovered 
from the column when eluting with boric acid 
buffers at pH 5.3, 8.0 or 10, or H2O at pH 7. Cap-
ture and recovery of 211At was evaluated under 
the same conditions. Further studies with AG1×8 
involved eluting with 4M H2SO4. A limited study 
with AG MP-50 resin used 1M HCl as eluant. 
Studies with PEG-coated columns used 2M HCl, 
4M HCl, 8M HCl, 16 M HNO3 and 8M HNO3 as 
initial (capture) eluants. Strong base (0.2, 1 or 
12.5 M NaOH; 15M NH4OH) and 3 or 500 mM 
tetrabutylammonium bromide (TBAB) were 
evaluated for removal of 211At from the columns 
tested. 
Results and Conclusion 
The efficiency for capture of 211At on the AG1×8 
column was high (99%) when loading with 
strong acid, but decreased when using 0.1–0.2M 
boric acid (69–91 %) buffer. Low 211At capture 
efficiencies were obtained with AG MP-50 col-
umns (15–29%). High 211At capture efficiencies 
(96–100%) were obtained with PEG-coated res-
ins when loading with 8M HCl or 8M HNO3, irre-
spective of whether reductant was in the acid 
solution. 
Four column washings (2 mL of 2M HCl each) 
were required to remove all Bi prior to elution of 
211At. No bismuth was detected in solution from 
the 4th washing in any of the elutions studied. 
Low (< 6%) recovery of 211At from the AG1×8 
columns was obtained using the conditions stud-
ied. Good (60–79%) recovery of 211At was ob-
tained from PEG-coated resin using 15M NH4OH. 
Isolation of the 211At from NH4OH solution was 
accomplished by distillation. In an initial study 
211At distilled before obtaining a dry residue. 
However, later studies demonstrated that addi-
tion of NaOH prior to distillation kept the 211At in 
the distilling flask. 
These studies demonstrated that PEG-coated 
columns could be used to isolate 211At from 
HNO3-dissolved bismuth targets with good non-
optimized (~60%) overall recovery yields. The 
studies are continuing with optimization of elu-
tion conditions and automation of the process. 
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Introduction  
We measured the excitation functions of natZn 
(p,x) reactions up to 17.6 MeV using the 
stacked-foils activation technique. High-purity 
natural zinc (and copper) foils were irradiated 
with proton beams from an 18MeV medical 
cyclotron, the predominant purpose of which is 
to provide a routine regional service for clinical 
PET radiopharmaceuticals. Thick-target integral 
yields were also deduced from the measured 
excitation functions of the produced radioiso-
topes. These results were compared with the 
literature and were found to be in good agree-
ment with most but not all published reports. 
 
Material and Methods 
The excitation functions of the natZn(p,x) reac-
tions were measured by the well-known stacked 
foil technique (1). High purity zinc foils (99.99%; 
Goodfellow Metals Ltd., UK) each thickness 
0.025 ± 0.003 mm with isotopic composition 
64Zn (48.6 %), 66Zn (27.9 %), 67Zn (4.1 %), 68Zn 
(18.8 %) and 70Zn (0.6 %) were loaded into a 
solid targetry system on a 300-mm external 
beam line utilising helium-gas and chilled water 
to cool the  target body (2). A typical foils stack 
consisted of repeated units of four Zn foils inter-
leaved with a high purity copper foil (0.025 ± 
0.004 mm); the latter for monitoring beam flux 
using the well documented 63,65Cu(p,n)63,65Zn 
reactions. Foil stacks were irradiated with a 
primary beam of energy 17.6 MeV, accounting 
for beam degradation by an obligatory 0.0250 ± 
0.0005 mm-thick Havar® foil beam-line vacuum 
window. Irradiation was for 3 min at a beam 
current of 5 µA. Activated foils were measured 
using cryo high-purity Ge γ-spectroscopy to 
quantify the product radionuclides 61Cu, 66Ga, 
67Ga and 65Zn. Radioactivity of each isotope was 
corrected to end of bombardment (EOB). 
 
Results and Conclusion  
New cross-sectional data for natZn(p,x) reactions 
up to 17.6 MeV yielding 61Cu, 66Ga, 67Ga and 65Zn 
isotopes were measured in independent repli-
cated (N = 3) experiments. Results were general-
ly in good agreement with published data.  
 
These isotopes can potentially be used in clinical 
or preclinical studies, following appropriate 
chemical separations of the zinc, gallium and 
copper (3). The FIG. 1 shows thick-target integral 
yields calculated from excitation functions 
measured in this study. 
 
It can be calculated (for example) that useful 
activities of 61Cu can be produced using a 
100 µm thick natZn target in a beam provided by 
a standard medium-energy medical cyclotron. 
For example, an irradiation at 40 µA for 2 hr at 
17.6 MeV would produce approximately 1.7 GBq 
of 61Cu at EOB. Such currents are readily achiev-
able using solid targetry in our laboratory (2).  
 
FIGURE 1. Thick target integral yields for the isotopes 
produced from natZn(p,x) reactions, calculated from 
the measured excitation functions of this study. 
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Introduction 
The ISOTRACE Super-Conducting Cyclotron is 
PMB-Alcen’s re-developed and modernized 
version of Oxford Instrument’s OSCAR super-
conducting cyclotron [1]. Its extracted 80+ mi-
croamperes of 12 MeV protons are used for the 
production of PET radioisotopes. Following the 
philosophy of Dickie, Stevenson, Szlavik [2] for 
minimizing dose to personnel, and as developed 
by Dehnel et al [3,4], and Stokely et al [5], the 
ISOTRACE shall utilize an innovative, light-
weight, integrated and self-supporting Mini-
Beamline.  This permits the relatively high resid-
ual radiation fields around PET targets to be 
moved ~1 metre away from the cyclotron, and 
facilitates the use of local shielding (around the 
targets) that limits prompt gammas and neu-
trons, but more importantly attenuates the 
residual target radiation, so that mainte-
nance/research staff can work on the cyclotron 
in a relatively low activity environment. In addi-
tion, the mini-beamline for PET utilizes a com-
pound quadrupole/steerer doublet that permits 
active and dynamic focusing/steering of the 
extracted proton beam for optimized production 
and minimized losses [3], so it improves on the 
successful work of Theroux et al [6]. The inte-
grated beamline unit is extremely small, so that 
it is very unlike bulky traditional PET and SPECT 
beamlines that require substantial support 
structures, such as described by Dehnel in [7,8]. 
 
Material and Methods 
The ISOTRACE cyclotron is pictured in FIG. 1. 
The exit port flange and gate valve to which the 
integrated mini-beamline for PET shall be 
mounted is shown. Immediately upstream of the 
exit port, hidden from view, is a 4 jaw collimator 
(called BPI for Beam Position Indicator) with 
spilled beam current readbacks to the control 
system. 
 
TABLE 1 shows the nominal beam emittance and 
Twiss parameter values at the exit port flange 
location. This ion-optical information is neces-
sary to simulate ion beam transport, develop the 
mini-beamline, and determine a nominal tune 
(i.e. magnet settings).  
 
FIGURE 1. PMB-Alcen’s ISOTRACE Super-Conducting 
Cyclotron for PET. The proton beam exit flange with 
gate valve is shown centre-right. 
 
Twiss 
Parameters  
 
 Horizontal Vertical 
4⋅εrms  (mm⋅mrad) 
β (mm/mrad) 
  15 
4.5  
30 
2.0 
α    −3.8 −2.8 
γ (mrad/mm)   3.5 4.5 
TABLE 1. Extracted beam characteristics at exit port 
flange face of ISOTRACE. Nominal momentum 
dispersion, δ = 0.5%. 
 
Results and Conclusion 
TABLE 2 shows the ion-optical system parame-
ters. FIGS. 2 and 3 show the horizontal and verti-
cal beam profiles. The Horizontally focusing 
Quadrupole magnet (HQ), and Vertically focus-
ing Quadrupole magnet (VQ) aperture diameter, 
33 mm, was chosen to give sufficient beam ac-
ceptance. The focusing strength is a function of 
BL, so the effective length, L = 150 mm, was 
chosen to ensure Bmax less than 0.3 Tesla, while 
keeping overall magnet mass down. The quad-
rupole magnets are fitted with water-cooled 
compound coils in which the copper/mylar strip 
wound portion of each coil is a winding for the 
quadrupole focusing function, and the wire 
wound portion is for the steering function. To 
increase beam acceptance and provide addi-
tional section strength for the pipe support func-
tion, the internal aperture of the low-activation 
aluminium beam pipe and the external shape 
are in the shape of a cross. FIG. 4 shows the 
beam cross-section at the mid-point of the 
downstream quadrupole magnet, and illustrates 
the additional acceptance as compared to a 
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round beampipe. In order to machine the interi-
or profile, the pipe is comprised of two pre-
machined pieces that are friction stir-welded 
together. FIG. 5 is an isometric of the mini-
beamline for PET. 
 
 
Parameters  
 
 Value Unit 
Drift 1 
HQ: L, φbore, Bmax 
  120 
150,33,0.18  
mm 
mm,mm,T 
Drift 2:  
VQ: L, φbore, Bmax 
  69 
150,33,0.212 
mm 
mm,mm,T 
Drift 3:   577 mm 
TABLE 2. Mini-Beamline for PET ion-optical parameters 
for ISOTRACE extracted proton beam, and 10 mm 
beam spot on target. 
 
 
FIGURE 2. Horizontal beam profile for 12.63 MeV pro-
ton beam transported from ISOTRACE exit port 
flange to 10 mm beam spot at target location. HQ = 
0.18 T, VQ = 0.212 T. 
 
FIGURE 3. Vertical beam profile for 12.63 MeV proton 
beam transported from ISOTRACE exit port flange 
to 10 mm beam spot at target location. HQ = 0.18 T, 
VQ = 0.212 T.  
 
The four upstream HQ compound coils are ex-
cited with a 75A power supply for the horizon-
tally focusing quadrupole magnet function, and 
a ± 10A power supply for a vertical steering 
function. The same power supplies are used for 
the four downstream VQ compound coils for the 
purpose of a vertically focusing quadrupole 
magnet function and horizontal steering func-
tion. 
 
FIGURE 4. Cross-section of the downstream integrated 
Quadrupole/Steerer Magnet. Beam envelope, friction 
stir-welded aluminium beam pipe & support, and the 
water-cooled combined-function copper strip-wound 
and wire wound coil are shown. 
 
 
FIGURE 5. Integrated Quadrupole/Steerer Doublet 
Magnets on friction stir-welded aluminium beampipe/ 
support/alignment component with roughing port. 
Total weight 29 kilograms. 
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Introduction 
When properly maintained, cyclotrons often 
remain in operation for 20 years and more. 
However, as the years pass the control systems 
in particular become challenging to support. The 
I/O cards and other hardware eventually be-
come obsolete, making spare parts difficult or 
even impossible to find. And the knowledge and 
ability to reload and configure the software also 
gets lost as operating systems and media stor-
age technology change. 
This obsolescence is true of the Siemens 
RDS-112 cyclotron, which is controlled using a 
486 computer, connected to an external STD 
card rack containing up to 15 I/O cards. These 
I/O cards were last manufactured in the 1990’s, 
and the iRMX-based control programs malfunc-
tion on computers newer than a 486 processor. 
A control system upgrade for the RDS-112 
cyclotron has been developed by PET Technical 
Consulting Inc. This commercially available con-
trol system reduces operator training time, re-
quires less maintenance, and supports new 
targets and custom product processes. 
Material and Methods 
The availability of high channel count I/O cards, 
and the decision not to support the old CPCU 
synthesis units, means the entire STD card rack 
can be replaced with 5 National Instruments (NI) 
I/O cards. The replacement computer is an in-
dustrial grade rack mounted PC with RAID 1 
mirrored pair hard drives in front panel access 
quick swap bays. 
Two NI PCI-6509 Digital I/O cards connect di-
rectly to the RDS electronics, channel assign-
ments are mapped using software configuration. 
Three NI PCI-6229 Multifunction I/O cards con-
nect to the RDS electronics through a cable 
breakout interface plate, the terminal blocks are 
wired as needed to map the channels. 
  
The new control software was created using 
National Instruments LabVIEW. The new control 
sequences have a core based on the original 
RDS-112 FORTRAN control programs. Then hun-
dreds of improvements were made to simplify 
operation, increase flexibility, minimize user 
involvement and mistakes, and clearly display 
key parameters and fault conditions. 
System control has been combined into a 
comprehensive Graphical User Interface, with 
controls and indicators grouped together onto 
sub-system pages. Commands that once needed 
to be typed-in have been replaced with a clicka-
ble control for each function. Bar graphs display 
target and slit currents. Status is obvious with 
red faults against normally green indicators.  
Audio alarms cue the operator for process inter-
action, warn if target current or pressure drifts 
from setpoint, or if faults occur with power sup-
plies, vacuum, or water cooling. Improvements 
in sequences and beam algorithms have reduced 
the time to achieve full beam on dual targets 
from 10 minutes down to 3 minutes. 
  
Results and Conclusion 
This new control system has been installed on 
(5) five RDS-112 cyclotrons used for commercial 
isotope distribution. The total combined opera-
tion time of these systems after receiving the 
upgrade is now over 17 years, during this time 
the control system operation has been nearly 
problem free. 
UPDATE: The Siemens RDS-111 cyclotron is 
controlled by a VME computer that is now end-
of-life. The VM30 and VM42 CPU boards and 
many of the I/O modules are no longer manu-
factured. PET Technical Consulting is developing 
a control system replacement for the RDS-111 
cyclotron with expected completion in 2014. 
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Introduction 
  The University of Iowa Hospitals and Clinics 
completed installation of a GE PETtrace 800 
cyclotron in November 2011.  Four months prior 
to installation, GE service personnel arrived to 
do a power assessment.  The result was that we 
met their specifications, but with reservations.  
We could easily provide the quantity of power 
required, but the specification also states that 
GE recommends that primary power remain at 
480 VAC +/- 5%.  GE service personnel attached 
a power quality analyzer to the cyclotron main 
power panel and determined that we did have 
some events of 7 to 8% sag, but they were infre-
quent, perhaps once or twice a week lasting 20 
to 50 msec.  Sags were confirmed to be the 
result of large non-linear loads elsewhere in the 
hospital.  If these occurred during a run, they 
may shut down the cyclotron, specifically the RF 
power supply.  Further investigation revealed 
the presence of harmonics on our power.  Har-
monics are the multiples of 60Hz power that are 
reflected back into the facility’s power grid.  
Variable frequency drives (VFDs) on large mo-
tors were responsible for much of the harmonic 
distortion in our facility.  Commercial air han-
dlers, water pumps and fan motors often use 
VFDs for proportional control to adjust to chang-
ing facility demands.  Their use provides a signif-
icant on-going cost savings, but may play havoc 
with power quality throughout the institution. 
 
IMAGE 1. 480VAC with harmonic distortion (left) 
and power quality analyzer (right). 
 
  Harmonic distortion is often quantified as a 
total harmonic distortion (THD) percentage.  
Though not specifically mentioned in the site-
specifications, our experience here will show 
that it is important not to overlook harmonic 
distortion.  Its effects can be varied, erratic and 
wide-spread throughout the cyclotron system.  
When asked, GE service referred us to IEEE 
standards for electrical systems and equipment 
which states that THD is recommended to be 
below 5% for most applications, but below 3% 
for sensitive settings including airports and hos-
pitals1. 
  Mitigation of voltage sag and harmonic distor-
tion is an expensive and complex topic.  It is 
recommended that you consult with your cyclo-
tron vendor to determine if there exists a field-
tested solution.  Additionally, you should consult 
a power systems specialist to do an audit of your 
building’s power system. 
  Anyone who has ever overseen the installation 
of a new cyclotron is aware of the importance of 
addressing the numerous vendor-supplied site 
specifications prior to its arrival.  If the site is not 
adequately prepared, the facility may face pro-
ject cost overruns, poor cyclotron performance 
and unintended maintenance costs.  The cyclo-
tron vendor will provide you with a set of site 
specifications, but meeting these specifications 
can be difficult, especially when the cyclotron is 
placed in an existing structure.  The cyclotron is 
an interesting collection of power supplies 
providing power to sensitive electronic circuitry.  
It is not sufficient to just provide enough power; 
you must also provide quality power.  It is hoped 
that our efforts to resolve our poor power quali-
ty problems will assist others as they replace 
aging cyclotrons in existing institutions whose 
power quality has degraded over the years. 
 
Material and Methods 
  Characterization of Power Quality:  This was 
accomplished using a Hioki 3197 Power Quality 
Analyzer and a couple Dranetz PX-5 Power 
Xplorers.  Each of the monitoring cycles logged 
data for about a week, which seemed to be 
about the limit for these units when logging 
both THD and surge/sag events down to the 
duration of a single 60Hz cycle.  Analysis of the 
circuit diagrams and communication with GE 
engineers indicated that the main power contac-
tors to the cyclotron RF system were disengag-
ing to protect the system.  The feedback for this 
shutoff is a detection signal from the front-end 
EHT (high-voltage generation) circuit that is set 
to disengage the main RF power contactors at a 
level to be representative of the 5% AC deviation 
specification. 
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  RF Power System Contactors:  Every time the 
contactors of the RF power distribution system 
are energized/de-energized, some arching oc-
curs at the contact surfaces.  This arching pits 
the contactor surfaces such that over time the 
contactor surfaces become irregular and poten-
tially resistive.  Since the RF protection circuit 
triggered by the EHT circuit is downstream from 
the contactors, it is not so hard to envision why 
the system becomes more sensitive over time2. 
 
 
IMAGE 2. RF power distribution contactors (left) 
and their pitted contact surfaces (right).  
 
Additionally, the harmonic distortion also exists 
on the AC voltage energizing the contactors.  As 
a result, they may not actuate as smoothly (de-
pendent of degree of harmonic distortion) and 
further hasten the normal rate of pitting of con-
tactor surfaces. 
 
 
IMAGE 3. RF power shutoff circuit showing the 
effects of dirty power and cyclic worsening with 
each shutoff event.  
 
 
Results and Conclusion 
  Within weeks of installation, we began to get 
RF power shutoffs.  They were infrequent at 
first, but soon began to occur numerous times 
each day.  At approximately 3 months post in-
stallation, it was often difficult to get through a 
standard 30 to 45 minute bombardment to 
make F-18 for our daily patient FDG doses.  Dur-
ing that time, we discovered that replacing the 
RF contactors significantly reduced the frequen-
cy of shutoffs.  But, without resolving the har-
monic distortion and sag issues, the frequent 
failures would soon return.  We limped along for 
over a year until the University was willing to 
invest in a solution to address our power prob-
lems. 
  Periodic Power Analyses:  These analyses, per-
formed over the next year, indicated that our 
power quality worsened in the winter and re-
turned to functional levels in the summer.  The 
instance of voltage sag remained approximately 
the same throughout the year (a few short sags 
per week), but the THD was down to 6% in the 
summer and nearly 10% in the winter.  This 
result, combined with RF shutdown tracking and 
lack of correlation between observed power 
sags and RF shutdowns, led us to the conclusion 
that our very high harmonic distortion combined 
with small power fluctuations (< 5%) were the 
culprit. 
  Mitigation Planning:  There are a number of 
power conditioning technologies, but imposing 
the need to remove both voltage sag as well as 
harmonic distortion, quickly narrows the field.  
What remains are the following options: 1) UPS 
line conditioner with batteries, 2) UPS line con-
ditioner with flywheel or 3) motor-generator 
power isolator.  Battery maintenance costs ruled 
out the UPS battery line conditioner.  Of the 
remaining two, if you have the space, the motor-
generator is the simplest and cheapest (favored 
by forward military hospital units).  But for the 
space constrained user, like us, the UPS flywheel 
line conditioner became the preferred option. 
  Additionally, it was identified in a power audit 
that the THD was only 4% at the transformers 
connected directly to the local power utility 
company supply (upstream of load effect and 
harmonic distortion sources).  This was to be 
expected as load effects and harmonic distortion 
are worse if your tie-in point to the building 
power grid is at the same level or downstream 
of their sources.  Additionally, a test was per-
formed during a hospital backup generator test, 
wherein the suspected primary offenders (large 
motors and VFDs) were diverted to backup.  As a 
result, the THD measured at the cyclotron pri-
mary power panel dropped by 2.5%. 
  Working with University electricians, an outside 
power consultant, GE engineering and University 
Hospital Radiology Engineering, a two phase 
plan was created. 
  Phase 1:  With a repurposed utility transformer, 
the cyclotron and PET cameras got their own 
dedicated transformer connected to the main 
utility power feed.  We also replaced the old 
contactors in the RF power distribution system.  
Since installation, the measured THD has re-
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mained at 4.5 to 5% year round and the sag 
incidence and magnitude are slightly improved. 
  Phase 2: With a quote from GE for a flywheel 
UPS we should be able to fully condition the 
power entering our facility, removing the load 
effect voltage sags as well as the harmonic dis-
tortion. 
  One year of operation after Phase 1 implemen-
tation, it has been decided that Phase 1 was all 
that was required.  We haven’t had a single new 
instance of RF shutdown since. 
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Introduction 
All experimental studies involving charged parti-
cle induced nuclear reactions require a precise 
knowledge of monitor reactions. A number of 
well described proton induced monitor reactions 
exist in the lower energy range [1], which is 
covered by most medical cyclotrons. Concerning 
proton energies above 20 MeV, however, the 
accuracy of the monitor reactions declines as 
cross section data becomes scarcer. Further-
more, the growing interest in precise determina-
tion of projectile energies by comparing of ratios 
of monitor reaction cross sections demands new 
measurements and evaluations of known data 
for high threshold monitor radionuclides. 
In this work cross section measurements on the 
formation of 61Cu were done and energy de-
pendent radionuclide ratios were calculated. 
 
Material and Methods  
For investigation of the natCu(p,x)61Cu reaction 
copper foils of natural isotopic composition 
(Goodfellow Ltd.) were irradiated. The targets 
were of 10 and 20 μm thickness, having a diame-
ter of 15 mm. 
Proton bombardments up to 45 MeV incident 
energy were done in the stacked-foil arrange-
ment at the accelerator JULIC of the Nuclear 
Physics Institute (IKP) of the Forschungszentrum 
Jülich. In addition to an internal irradiation pos-
sibility the cyclotron is equipped with an exter-
nal target station which was used for most ex-
periments. It can adapt standard and slanting 
solid target holders and is equipped with a water 
cooled four sector collimator and additional 
helium cooling of the entry foil. [2] 
 
  
FIGURE 1. End section of the external beamline at the 
JULIC with target adapter and 4 sector collimator. 
 
Several irradiations were executed. In each 
stack, besides copper samples, aluminium ab-
sorbers and additional nickel monitor foils were 
also placed, the latter for the determination of 
the respective beam current.  
The produced radioactivity of 61Cu was analysed 
non-destructively using HPGe γ-ray detectors 
(EG&G Ortec). 
 
Results and Conclusion 
Reaction cross sections of the natCu(p,x)61Cu 
process up to 45 MeV were measured and com-
pared with existing data from the literature (FIG. 
2). Except for the data of Williams et al. our 
results are in good agreement, showing a maxi-
mum of about 165 mbarn at 37.5 MeV proton 
energy. The overall uncertainty of the new cross 
section data is between 8 and 10 %. 
In FIG. 3, the excitation functions of the relevant 
monitor reactions on Cu are shown. 
 
 
FIGURE 2. Experimental cross section data in compari-
son with data from the literature 
 
In combination with the excitation function of 
the natCu(p,xn)62Zn reaction, isotope ratios were 
calculated which can be used for determination 
of the proton energy within a target stack in the 
energy range of 22–40 MeV as described by Piel 
et al. [3]. FIGURE 4 shows the cross section ratio 
in dependence of the proton energy. 
Above this energy, 65Zn could be used to gener-
ate isotope ratios for energy determination, 
although the long half-life (T½ = 244.3 d) of that 
radionuclide may be a problem. 
 
 
124
1Corresponding author, E-mail: i.spahn@fz-juelich.de 
FIGURE 3. Excitation functions of proton induced moni-
tor reactions on a natural Cu target. 
 
 
FIGURE 3. Ratio of the natCu(p,xn)62Zn and the nat-
Cu(p,x)61Cu reaction cross sections. 
 
Additional cross section measurements are 
planned in order to further strengthen the data 
base of this potential monitor reaction. The 
results of this work shall be evaluated in the 
framework of an ongoing Coordinated Research 
Project of the IAEA. 
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Introduction 
A method based on neutron activation is being 
developed to assist in resolving discrepancies 
between the expected yield and actual yield of 
radionuclides produced with the vertical-beam 
target station (VBTS) at iThemba LABS. 
The VBTS is routinely employed for multi-Ci 
batch productions of the radionuclide pairs 
22Na/68Ga and 82Sr/68Ga using standardized 
natMg/natGa and natRb/natGa tandem targets, 
respectively [1]. The metal-clad target discs are 
bombarded with a primary beam of 66 MeV 
protons at an intensity of nominally 250 µA. The 
encapsulation materials are either Nb (for Mg 
and Ga) or stainless steel (for Rb) which serve to 
contain the molten target materials during 
bombardment and act as a barrier to the high-
velocity cooling water which surrounds the tar-
gets in a 4π geometry. The natRb/natGa targets 
are typically bombarded according to a two-
week cycle while natMg/natGa targets are bom-
barded on an ad-hoc basis, depending on a 
somewhat unpredictable 22Na demand.  
A too-large deviation between expected 
yield and actual yield has at times plagued this 
programme. These deviations can manifest both 
as an apparent loss or an apparent gain (relative 
to the expected yield) by up to about 15% in 
either direction. The resulting uncertainty of up 
to 30% (in the worst case) from one production 
batch to another can be costly and is unaccepta-
ble in a large-scale production regimen. This 
phenomenon is believed to be brought about by 
two types of problems: 
(1) Production losses, e.g. during the radio-
chemical separation process or incomplete 
recovery of activated target material during 
the decapsulation step. 
(2) Incorrect values obtained for the accumu-
lated proton charge.  
A problem of type (1) will always result in a loss 
of yield. A problem of type (2) can manifest as 
an apparent loss or gain. In an effort to get a 
handle on this second type of problem, neutron 
activation of suitable material samples, embed-
ded in a target holder, is being investigated as 
an independent indicator of the total yield. For 
this purpose, samples of Co, Mn, Ni and Zn were 
activated during production runs and Co was 
found to be the most appropriate. Preliminary 
results will be presented after first discussing 
why the determination of the accumulated pro-
ton charge is a problem with the VBTS. 
 
Materials and Methods 
The VBTS consists of a central region in which a 
target holder is located during bombardment as 
well as two half-cylindrical radiation shields 
which completely surround the target. The 
shields can be moved away from the central 
region on dedicated rails, e.g. when repairs or 
maintenance is required. Figure 1 shows the 
VBTS with the shields moved to the “open” posi-
tion. As some components of the station are 
located below the vault floor, with the target 
position near floor level, it proved difficult to 
electrically isolate the VBTS as was done for the 
two horizontal-beam target stations at iThemba 
LABS [1]. The VBTS does not act as a Faraday cup 
like the other target stations. Instead, the beam 
current and accumulated charge is measured by 
means of a calibrated capacitive probe [1,2].  
 
FIGURE 1. VBTS with radiation shields in the “open” 
position, showing (a) the vertical beamline, (b) one of 
the two half-cylindrical shields, (c) the target position 
in the central region, and (d) the rails on which the 
shields can move to gain access to the central region. 
 
There appears to be a variation in the re-
sponse of the capacitive probe, sensitive to the 
beam microstructure, in particular a depend-
ence on the beam packet length. This problem is 
not yet fully resolved.  
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Figure 2 (a) shows the beamstop of a VBTS 
target holder with several Co samples mounted 
on the outside as well as one each of Ni, Mn and 
Zn. The samples are small “tablets” with a 10 
mm diameter and 1 mm thickness. The reactions 
of interest are 59Co(n,γ)60Co, 59Co(n,3n)57Co, 
natNi(n,X)60Co, natNi(n,X)57Co, natZn(n,X)65Zn and 
55Mn(n,2n)54Mn. The relevant half-lives are 
60Co(5.271 a), 57Co(271.8 d), 65Zn(244.3 d) and 
54Mn(312.2 d). The half-life should be long com-
pared to the two-week cycle in order to reduce 
the dependence on the exact beam history, 
which is very fragmented over any production 
period. In this respect, 60Co is considered to be 
particularly attractive as its long half-life of more 
than 5 years leads to a negligible effect by the 
beam history.  
Note that the tandem targets, shown in Fig-
ure 2 (b), are mounted just upstream of the 
beamstop – in fact, the targets and beamstop 
form a single unit before being fitted into the 
target holder.  
 
FIGURE 2. (a) Experimental VBTS target-holder beam-
stop showing the embedded Ni, Co, Mn and Zn sam-
ples to be neutron activated in a standard production 
run. (b) A Rb/Ga tandem target assembly which, 
together with the beamstop in (a), forms a single unit 
once assembled. 
 
At the end of bombardment, all samples 
were assayed for their characteristic γ-emissions 
using standard off-line γ-ray spectrometry with 
an HPGe detector connected to a Genie 2000 
MCA. Calculations of the neutron fluence densi-
ty in the central sample volume on the beam-
stop were also performed using the Monte Carlo 
radiation transport code MCNPX. For these cal-
culations, the entire VBTS, a Rb/Ga target and 
the vault walls were included in the model.  
 
Results and Conclusion 
All samples activated significantly – copious 
amounts of 60Co were detected in the Co discs 
after a two-week run.  
The neutron fluence density for the case of a 
250 µA, 66 MeV proton beam on a natRb/natGa 
tandem target is shown in Figure 3. The domi-
nance of low-energy neutrons is evident, which 
is in part due to the large amount of paraffin-
wax shielding material in close proximity to the 
target. While reactions such as the (n,2n) and 
(n,3n) would be sensitive to the more energetic 
part of the neutron spectrum, the (n,γ) capture 
reaction benefits from the large low-energy 
component. This explains the copious amounts 
of 60Co formed. It was therefore decided to only 
retain the central Co sample for subsequent 
bombardments, as shown in Figure 4.  
 
 
FIGURE 3. Neutron energy spectrum inside the central 
Co disc as calculated with MCNPX. 
 
 
FIGURE 4. VBTS target holder. The beamstop (in red) 
shown with a centrally mounted Co disc. 
 
The first results are shown in Table 1. The ac-
cumulated charge as obtained from the capaci-
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tive probe (Q), the specific 60Co activity (A) at the 
end of bombardment (EOB), and their ratio 
(A/Q) are presented in the table, together with 
the deviation of individual ratios relative to their 
average for the case of the Mg/Ga tandem tar-
gets only. Note that all samples were counted 
until the statistical uncertainties were negligible. 
Any systematic uncertainties are ignored at this 
stage as they are considered to remain the same 
from one batch production to another. 
 
Target Q 
(mAh) 
A[60Co] 
(Bq/mg) 
A/Q 
 
Deviation 
(%) 
Rb/Ga 20.01 590.09 29.49  
Mg/Ga 5.001 167.46 33.49 +11.97 
Mg/Ga 20.00 547.56 27.38 -8.46 
Mg/Ga 20.15 616.66 30.60 +2.31 
Mg/Ga 20.02 563.51 28.15 -5.88 
Average   29.91  
TABLE 1. Results from neutron-activated Co discs, 
based on 60Co activity measurements. 
 
For the sake of argument, the average value 
of the ratio is taken as the expected value. A 
positive deviation of the A/Q value is then indic-
ative of a too-small value of the accumulated 
charge obtained from the capacitive probe, 
leading to a corresponding overproduction. 
Likewise, a negative value is indicative of a too-
large value of the accumulated charge, leading 
to a corresponding underproduction.  
It is certainly true that the data in Table 1 are 
currently very limited. It is envisaged, however, 
that with time the growing database of values 
will assist in reducing the uncertainty in deter-
mining the accumulated charge and reduce the 
discrepancies between predicted and actual 
yields significantly. Table 1 illuminates the un-
derlying problem satisfactorily. The four Mg/Ga 
tandem target bombardments, on identical 
targetry, were performed successively. The neu-
tron activation correlates well the with actual 
yields, pointing directly to the current integra-
tion as the main source of error. 
The method already proves to be useful. An 
indication of an over or underprediction can be 
obtained prior to the target processing by re-
covering and measuring the Co disc. This infor-
mation can be used to make a decision concern-
ing the present batch production and/or the 
subsequent one. One can either add beam to 
the present production target and/or in-
crease/reduce the total beam on the subse-
quent production target to compensate for an 
expected overproduction or shortfall. 
In conclusion, we would like to stress that 
the capacitive probes show great promise and 
that better understanding and/or possibly some 
development of their signal processing algo-
rithm may improve their ability to measure the 
accumulated charge to the desired accuracy. 
Segmented capacitive probes used at iThemba 
LABS and elsewhere for beam position meas-
urement [1,3] are not affected by beam micro-
structure as only the ratios of the signal 
strengths on the different sectors are important. 
In this case, changes in response affect all sec-
tors equally and the ratios are unaffected. 
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Introduction 
 
One of the most common PET isotopes, 18F, is 
mainly produced in liquid targets. The produc-
tion yield depends linearly on the proton beam 
current used. However, for a fixed proton-beam 
energy increasing the current of the proton 
beam results in depositing increasing amounts 
of heat into the enclosed water target chamber 
and eventually in its failure. Hence, understand-
ing the thermodynamics of a water target 
chamber could lead to a target optimization, 
removing the maximum amount of heat to bal-
ance the pressure, increasing the yield and guar-
anteeing the stability and durability of the sys-
tem. Work in modeling the thermodynamic 
processes in a liquid target has also been per-
formed by other groups [1-3] and others such as 
Steinbach [4] have performed analytical analyses 
of thermal behavior. 
 
Material and Methods 
 
In order to comprehensively understand the 
thermodynamics of a liquid target a numerical 
model based on the integral analysis of a cou-
pled system of energy equations is proposed. 
The governing equations (equations 1-5) are 
derived based on a simplified geometry shown 
in FIG. 1. It is assumed that the chamber is com-
pletely filled with water; hence the effect of 
initial void fraction and consequently the effect 
of non-condensable gas are not included.  
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FIGURE 1. Water target model geometry. 
 
The definition of the parameters is listed in 
Table 1. Note that in equation 3, c  is the speed 
of sound in the foil which depends on the modu-
lus of elasticity and density of its material. The 
model geometry consists of six domains: 
 
• Domain (I): target water chamber 
• Domain (2): water cooling system 
• Domain (3): target body back wall 
• Domains (4, 5): target body 
• Domain (6): HAVAR® foil and helium-jet 
cooling system 
 
Equation 1 is a system of coupled ordinary 
differential equations which describes the ther-
mal coupling between the domains. Since the 
system is closed, there will be a coupling be-
tween pressure and temperature inside the 
chamber. Here, we assume equilibrium exists 
between temperature and pressure in chamber 
1 and the relationship is given by the steam 
tables. For brevity, equation 2 represents the 
relationship between T1 and P. It is applied 
piecewise over all states of the system, i.e. fully 
liquid, mixed liquid-vapor, or fully vapor. Based 
on the geometry design and the beam-entrance 
Havar® foil mechanical strength in typical cyclo-
tron water targets, it is presumed that the third 
condition in Equation 2 is not plausible i.e. that 
the liquid water inside the chamber does not 
entirely become vapor. Before reaching this 
state either the system fails or the pressure 
inside the chamber increases to very high values 
such that the vapor condenses back to liquid. In 
our model, the effect of fluid-structure interac-
tion (the deformation of HAVAR® foil) is coupled 
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to the system of equations using the equation of 
a vibrating membrane. Note that the variation of 
pressure results in the variation of the target 
water temperature and its physical properties. 
Hence, the properties of water and water-vapor 
are temperature dependent and are computed 
from the steam-table information. The coupling 
between the fluid inside the chamber and the 
HAVAR® foil is a coupled fluid-structure interac-
tion problem. To simplify the complexity of the 
problem at this stage, the coupling due to the 
pressure has only been taken into account. 
Equation 3 models the dynamic behavior of the 
HAVAR® foil with respect to the input pressure 
signal. Equation 4 is the conservation equation 
on volume which must always be satisfied. Equa-
tion 5 describes the dependency of the mass 
and volume fractions of the liquid. The program 
for the numerical scheme is developed in C/C++ 
platform and uses C++/FreeSteam library for the 
water and water-vapor properties data. 
 
Results and Conclusion 
 
FIG. 2 shows the results of the simulation for the 
case of different beam power source terms 
(beam power deposited in the target water), S = 
2.5 W as an extremely low beam power example 
and S = 250 W. Each case is simulated for two 
different target body water cooling flow rates: 
one representing a laminar flow (Re = 500) and 
the other representing turbulent flow (Re = 
5000). FIG. 2 shows that the system with a 
source term of S = 2.5 W reaches steady-state at 
a very low temperature for turbulent flow cool-
ing. However, the steady state will be met at 
much higher temperatures for the laminar cool-
ing case. This is because the values of Nusselt 
number (non-dimensional convective heat trans-
fer coefficient) for the turbulent cooling system 
is much higher than for the laminar cooling sys-
tems. In this simple geometry no steady state 
situation is observed for S = 250 W for either 
laminar or turbulent flow. This is because the 
order of magnitude of the source term is much 
larger than the order of magnitude of the heat 
removal which is controlled by the heat transfer 
coefficients.  
FIG. 3 compares the simulation of the target 
body cooled with water to the case of pre-
cooling the target body with liquid nitrogen 
before irradiation as well as having the target 
body surrounded in liquid nitrogen, all three 
with a heat source term of S=250 W. In all these 
three test cases the turbulent water cooling (Re 
= 10000) has been applied (soaking the target in 
the liquid Nitrogen is just a computation hy-
pothesis). 
 
FIGURE 2. Target water temperature vs. time for 
different heat sources and different target body 
water-cooling flow rates. 
 
The results show that the rate of change of 
temperature for both pre-cooled system and 
immersed system are slower than the system in 
the standard condition, however these effects 
are not very significant in the range of the simu-
lations. This is because the heat-transfer mech-
anism of the water target systems are dictated 
by the order of magnitude of the heat source 
term and the heat transfer coefficients. Hence 
the effect of the initial temperature of the target 
body will be completely removed after a short 
time if the order of magnitude of the source 
term is large. Furthermore, the simulations show 
that reaching steady-state situation is more 
achievable for the system which is immersed in 
the liquid nitrogen.  
 
FIGURE 3. Target water temperature vs. time for 
water cooling (red), pre-cooling of the target 
body with liquid nitrogen (blue), and immersing 
the target body during the irradiation in liquid 
nitrogen (black).  
 
130
1Corresponding author, E-mail: choehr@triumf.ca 
 
FIGURE 4. Target water temperature vs. time - 
Studying the effect of the order of magnitude of 
the convective heat transfer coefficient on the 
overall heat removal. 
 
FIG. 4 shows the simulation result of the target 
(S=250 W) employing different convective heat 
transfer coefficients between the target body 
and the cooling water channel. The results show 
that the convective heat transfer coefficient has 
a significant effect on the heat removal. The 
system reaches the steady state condition faster 
and at a lower temperature by increasing the 
heat transfer coefficient by a factor of five. The 
value of the convective heat transfer coefficient 
between the target water and the target body 
water cooling channel depends on the order of 
magnitude of the convective heat transfer coef-
ficients from the target water into the target 
body and from the body into the cooling water: 
1/h12=1/h13+1/h32. This implies that increasing 
the target body cooling has a diminishing effect 
after reaching a certain point where the heat 
transfer from the target water to the target 
body becomes the limiting factor. Hence, finding 
a way to increase the convective heat transfer 
coefficient of the cavity (inside the chamber) is 
mandatory to increase the overall heat transfer 
coefficient. 
Modeling the cyclotron water targets using 
the integral analysis of the coupled system of 
energy equations and fluid-structure interaction 
has the advantage of giving an intuition of how a 
complex coupled system works. The current 
approach gives us a preliminary idea of how 
some dominant parameters balances each other 
and which coefficients can control the heat 
transfer from the chamber to some extent. Nev-
ertheless, the current method cannot elaborate 
the complete physics behind the problem. The 
integral method requires a number of simplifica-
tions and assumptions. For instance, the effect 
of bubble generation, velocity field and large 
temperature gradient due to the proton beam 
has not taken into account however; the authors 
believe the current method can anticipate the 
major behavior of the system to a reasonable 
extent. 
 
Parameter Description 
ijH  function of heat transfer coefficient 
between domains (i) and (j) 
P  pressure  
0P  atmospheric pressure 
Re  Reynolds number 
iS  function of heat source in domain (i) 
iT  temperature of domain (i) 
0V  Initial volume of chamber 
c  speed of sound  
0m  total mass of water and water vapor 
t  time 
w  foil deflection 
iΛ  function of latent heat in domain (i) 
ρ  density 
lρ  density of liquid water in domain (1) 
gρ  density of water vapor in domain (1) 
χ  mass fraction of liquid 
f  volume fraction of liquid 
γ  mass per unit area of the foil 
σ  surface tension of the foil 
  
TABLE 1. Nomenclature for equations 1-5. 
 
A method based on the integral analysis of 
the coupled system of energy equations and 
fluid-structure interaction is proposed to com-
pute the transient and steady-state behavior of 
the field parameters. The method presents the 
system of linear time-dependent equations 
based on the energy balance of different do-
mains, applies the values of the standard steam 
table to compute the corresponding pressure, 
uses the linear partial differential equation for 
computing the deflection of the membrane and 
update the corresponding volume and finally 
applies the conservation of volume to complete 
the system of coupled equations. The system of 
equations is complete for the targets without 
having initial void fractions and non-
condensable gases. Some test cases are mod-
eled and the results follow the expected physics. 
However the current model has some sources of 
error which has been elaborated in the paper. 
The system of equations which includes the 
effect of non-condensable gases is underway. 
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In summary, we present a system of equa-
tions that is capable of describing the overall 
behaviour of a liquid target system. These equa-
tions are used to simulate the thermal behaviour 
of a simplified water target and identify poten-
tial improvements. 
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Introduction 
The expansion of our PET isotope production 
with a new TR-19 cyclotron necessitated a suita-
ble solid target transport system. None of the 
known existing and proposed solid target 
transport systems (STTS) was able to meet the 
technical and budget requirements of the MIR 
cyclotron facility [5]. 
A unique carrier design allowed us to develop a 
fully automated 50.8 mm inner diameter pneu-
matic tube STTS with an in-hot-cell compact 
form factor receiving station. The cyclotron or 
vault side loading station is a mere vertically 
symmetric version of the in-hot-cell station. The 
carrier is able to accommodate any of our in-
house developed 86Y, 64Cu, 76Br, 89Zr and 99mTc 
target holders without further modifications. 
 
Material and Methods 
Technical constraints were imposed by the di-
mensions of the target holders (FIG. 1) and the 
overall station size (FIG. 3). A receiving station 
would be inside a hot cell and, up to three send-
ing stations would be located in the confined 
vault space under the solid target irradiation 
units. In addition, safety and budget require-
ments demanded a fully automated, easy to 
maintain STTS. 
The target holders are of various geometries 
with the 99mTc having the maximum dimension 
of 46.65 mm along its diagonal. 
 
 
 
FIGURE 1. Geometries and dimensions of target holders 
used for solid target bombardment on CS-15 (Cyclo-
tron Corporation, USA) and TR-19 (ACSI, Canada) 
cyclotrons at MIR 
 
Pseudo carriers with diameters ranging from 41 
to 49.5 mm (no wear band) and lengths from 
50.8 to 102 mm were tested on 50.8 mm inner 
diameter Kuriyama Tigerflex™ and Goodyear 
Nutriflex™ tubing. Smaller diameter and length 
test samples became wobbly, slow, and were 
getting stuck on occasion. Lengths in the upper 
limits became stuck in turns with radii close to 
the minimum radius of the tubing. The neces-
sary negative pressure was achieved by employ-
ing a 2.5pHP Ridgid WD06250 blower. The 
transparent Goodyear Nutriflex™ tubing was 
chosen for the further STTS development.  
A carrier capable of loading and unloading re-
gardless of its axial orientation was constructed. 
 
 
 
FIGURE 2. Symmetric STTS carrier. The fully automated 
load and unload of target holders is performed with 
the carrier in horizontal position. 
 
This novel design allows for a relatively compact 
station W 112 × H 220 × L 300, which reduce the 
dependence on the location of the tube open-
ings in the walls of the hot cell (BqSv, Taiwan). 
As a result the station can be conveniently 
placed in areas not typically occupied by pro-
cessing modules or used by chemists, e.g. close 
to the upper left corner. To avoid reliance on 
expensive proprietary parts, all components 
were designed or chosen to insure reliability 
with minimal maintenance. The enclosure and 
opening mechanism are 3D-printable using ABS 
plastic, and can be made in-house on demand. 
“Platform sharing” between hot cell and vault 
stations further simplifies support and mainte-
nance. 
2
24
40
99mTc
∅19.05
26.67
76Br
2∅24
64Cu
∅19.05
89Zr
4.65
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FIGURE 3. Receiving station in a hot cell; the vault 
sending station is a vertical mirror of the one shown 
here 
 
As with the mechanical hardware, the electronic 
components and boards were selected to mini-
mize the dependency on a single supplier. The 
main controller board is based on Atmel's AVR 
series of microcontrollers, which are known to 
be largely backward compatible, well docu-
mented and have an extensive user support 
base. A single “brick” controls up to three sta-
tions. Bricks can be daisy chained with one func-
tioning as a master. 
The control software takes advantage of the 
rapid development capabilities of National In-
strument's LabView graphical language. It is 
intended to work on Unix-like and Windows 
operating systems as well as to allow control 
from hand-held devices. Password security, 
interlocks and traceability follow the accepted 
safety standards for radioisotope handling. 
 
Results and Conclusion 
The Symmetric STTS has proven characteristics 
of reliability, ease of use and safety over hun-
dreds of runs. Given that no convenient carting 
path exists, it is the ideal means for bringing 
solid target holders from the underground cyclo-
tron vault to the chemistry processing hot cells 
at ground level. Transported activities are less 
than 37.0 GBq (1.0 Ci) for 64Cu and 3.7 GBq (100 
mCi) for 89Zr. Carrier velocity is about 4.7m/s 
minimizing the time activity is present between 
cyclotron and hot cell. No human interaction 
with the irradiated target is needed during 
transport. The carrier does not need to be taken 
out of the STTS. Even though the BqSv hot cells 
are equipped with teletongs, they are not need-
ed to recover the target when it arrives at the 
hot cell; the target is directly dropped into the 
processing module, e.g. the dissolution vessel 
for 64Cu processing. 
 
 
 
FIGURE 4. Receiving station shown in closed state with 
a docked carrier (blue). The implementation shown 
here is an improved version of the original design in 
FIG. 3. To depict the station mechanism, the front part 
of the enclosure was removed. 
 
 
 
FIGURE 5. Fully assembled station in a hot cell; the 
opening underneath guides the target holder to the 
processing module; this particular hot cell is dedicat-
ed to an automated module (not shown) for 64Cu 
processing 
 
The software is engineered in a manner that 
gives the operator full control of the states of 
the sending and receiving stations. At the same 
time, it avoids graphically dense and overloaded 
GUI in order to reduce the probability of human 
error. Currently the control program runs on a 
PC/Laptop and communicates with the control-
ler over USB. LabView provides add-ons that 
allow control with a tablet or other hand-held 
(under development). 
 
The fully automated symmetric STTS is ideal for 
isotope production facilities that are being envi-
sioned, conceptualized or are in their planning 
stage. Its versatility, low initial and operating 
costs might even justify deployment in facilities 
which already employ a less optimal solid target 
transport. 
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Invention application for the Symmetric STTS 
was filed with the Office of Technology Man-
agement of Washington University in Saint Lou-
is, Missouri, USA. 
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Introduction 
The COSTIS system is a commercially available 
target station for the irradiation of solid targets. 
Up to 3 targets can be provided for irradiation 
by a slot system. In standard setup the target 
can be ejected via a pneumatically driven piston 
system. The target is then allowed to drop down 
into an open lead container, which can be closed 
remotely afterwards. The described procedure is 
well established and reliable. But the concept is 
limited to low dose targets and environments. 
The required entering of the cyclotron vault for 
manual pick up of the container at the cyclotron 
and the light 18 mm Pb lead shielding of the 
container itself cause exposure risk for the per-
sonnel after long term irradiations with highly 
activated cyclotron parts and target. 
The purpose of this work was the design of an 
alternative for the pickup and the transport of 
irradiated targets to minimize the radiation 
dosage of the personnel during manual handling 
of the COSTIS-lead container. 
 
 
FIGURE 1. Transport system (1: target ejection position; 
2: loading station; 3: vault door) 
 
Principle 
The new designed transport system still uses the 
software controlled target ejection function of 
the COSTIS/IBA-system. With ejection the target 
capsule is allowed to fall into a PTFE-container. 
To assure a safe target drop into the PTFE con-
tainer, the gap between the target guiding plate 
and the PTFE container is smaller than d/2 of the 
target capsule. After target ejection the PTFE-
container can be transferred remotely from 
target ejection position (1) to the loading station 
(2) with a target slide. The loading station allows 
the transfer of the PTFE container remotely into 
a lead container (60 mm Pb).  
 
 
 
FIGURE 2. Pb-container positioned in the door holder 
(Yellow: Pb-container, white: PTFE container) 
 
Now the vault door is used as carrier of the Pb-
container. For this purpose a proper fixture for 
the Pb-container is mounted at the front side of 
the vault door and via opening the vault door 
the container is safely transported out of the 
vault. Outside the container will be finally closed 
with a lid and transferred to a trolley for further 
handling. Due to positioning of the container at 
a certain altitude together with the deep posi-
tioning of the target coin inside of the container, 
the subsequent closing of the container does not 
cause significant dosage, a more complicated 
automatic closing system is not mandatory. 
 
 
FIGURE 3. Pb-container placed on the container carrier. 
 
After replacement of the lead container further 
transfers can be executed without entering the 
vault. For this purpose the exchanged Pb-
container is placed at the loading station by 
closing the vault door and a new PTFE-container 
will be transferred remotely from a magazine 
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onto the target slide, which again can be re-
motely positioned at target ejection position. 
The magazine of PTFE-Containers holds two 
replacements in accordance with the maximal 
capacity of the target slot system of the COSTIS 
station. The remote system of the transport unit 
uses redundant feedback signals for a reliable 
and safe operation. 
 
Results and Conclusion 
The newly implemented transport system allows 
a significant reduction of the radiation dose 
during pickup and transport of the irradiated 
solid targets. No entering of the vault is needed 
after irradiation. The system is highly reliable 
due to its redundant and straightforward design 
(2-fold position switches and photoelectric bar-
riers). Due to fixed attachment points in the 
vault and at the BTL the mobile unit can be easi-
ly removed or mounted. The system is mainte-
nance free and all parts easy accessible. 
For further handling of the targets lead contain-
ers were design to fit in the transfer locks of hot 
cells. The transfer can be carried out directly 
from the trolley. Container lid and PTFE contain-
er are suited for manipulator handling in hot 
cells. 
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Introduction  
We have developed a low-cost stopcock valve 
actuator for radiochemistry automation built 
using a stepper motor and an Arduino, an open-
source single-board microcontroller. The con-
troller hardware can be programmed to run by 
serial communication or via two 5–24 V digital 
lines for simple integration into any automation 
control system. This valve actuator allows for 
automated use of a single, disposable stopcock, 
providing a number of advantages over stopcock 
manifold systems available on many commercial 
radiochemistry rigs or over using solenoid 
valves. This actuator allows for the use a wide 
variety of stopcocks, ranging in size, shape and 
material, giving flexibility to be used in a large 
variety of applications.  
 
Material and Methods  
The actuated valve consists of two main parts, 
the actuator and the control electronics. The 
actuator consists of a stepper motor, an infrared 
‘home position’ sensor, a stopcock backplate, 
and a coupler from the driveshaft to stopcock 
handle. The stepper motor is a NEMA-17 size 
that runs 200 steps/rotation with a 5mm drive 
shaft. The coupler is an interchangeable part, 
custom to each stopcock model, with each part 
drilled out to fit the motor drive shaft and milled 
out for a tight fit to the stopcock handle. The 
backplane consists of a plate offset from the 
motor body with 5 screws positioned to keep 
the stopcock body from rotating relative to the 
motor. A reflective optical sensor (Vishay 
TCRT1000) is used as a limit switch to determine 
a ‘home’ position for the stopcock. With a slight 
modification to most any stopcock in cutting off 
a tab that limits rotation, the handle can rotate 
360°. This allows for opening all three ports to 
each other, which has been done to all stop-
cocks used with this actuator.  
 
The control electronics consist of an Arduino 
Uno board and a motor shield (add-on board), 
connecting to the actuator by an Ethernet cable. 
The motor shield functions to interface the low-
power Arduino circuitry with a high power H-
bridge motor driver circuit. The Arduino runs 
two sets of code, initialization and its loop. The 
initialization routine runs when power is first 
powered up, and then continues to run the loop. 
The initialization routine rotates the valve until 
the IR limit switch is activated, and rotates an-
other 45° from position home, sealing off all 
ports on the stopcock. Following initialization, 
the Arduino enters its loop, which repeatedly 
compares its current position to its target posi-
tion. When the target position and current posi-
tion do not match, the stepper motor turns in 
the shortest direction towards its target posi-
tion. The hardware can be interfaced by either 
serial communication or by two 5–24V digital 
signals defining positions 1–4. The wide range of 
allowed input signal voltages is realized by using 
an optocoupler that accepts 5–24 V inputs but 
outputs TTL signals compatible with the Ar-
duino’s hardware. 
 
Results and Conclusion  
A photo of the implementation of the actuator is 
shown in FIGURE 1. It has overall dimensions of 
3.5×1.75×2.5”, excluding a mounting bracket. 
Control electronics are housed in a compact box 
built for an Arduino, giving the control electron-
ics a clean, professional look. Challenges in de-
sign included determining a maximum motor 
speed where the motor would provide enough 
torque but yet move fast enough to be useful, 
finding that rotational speed of 6 seconds/full 
rotation is best.  
 
 
FIGURE 1: Photograph of actuator 
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Introduction 
Activity measurement of the produced radionu-
clide prior its transport to further processing in 
the clean rooms indicates proper irradiation 
settings and target functioning. It is particularly 
true for short-lived radionuclides. Precise on-line 
activity measurement of the radionuclides trans-
ported from the target to the hot cells in a liquid 
phase was highly desirable in order to estimate 
compliance with the required value. In this pa-
per, we present simple operational systems for 
activity measurement of the irradiated enriched 
(18O) water for 18F labelled PET radiopharmaceu-
ticals and 81Rb aqueous solution for manufactur-
ing radionuclide generator 81Rb/81mKr. 
 
Material and Methods 
Irradiated aqueous solution (2.5 ml of enriched 
water with 18F up to 200 GBq) is transported via 
capillary to a synthesis module. Due to spread-
ing out the liquid product on measuring vial 
walls, measured activity may vary up to 12 %. In 
order to avoid this variability, we have intro-
duced simple system based on the measure-
ment of several loops of the transporting capil-
lary. The product is then evenly distributed 
around GM tube positioned in the loops’ centre. 
Typical GM tube response is displayed on FIG. 1. 
The data are recorded and processed on-line. 
Maximum mean value of 20 consecutive values 
is calculated. The GM tube response was cali-
brated by precise activity measurement of the 
same product in a calibrated ionizing chamber 
(Atomlab). Calibration covers full range of the 
produced 18F activities.  
Radionuclide 81Rb for the 81Rb/81mKr generator is 
produced via proton irradiation of pressurized 
enriched 82Kr gas. The product deposited on the 
target walls is washed out by water and trans-
ported to a container in a hot cell for filtration 
before transfer to a clean lab. The solution activ-
ity in the container (7–25 GBq) is measured with 
a GM tube in constant geometry. Typical re-
sponse of the GM tube to the measured activity 
of 81Rb is displayed on FIG. 2. 
 
 
FIGURE 1. Typical GM tube response of the 18F activity 
in the irradiated enriched water. Blue line – raw data, 
red line – dead-time corrected data, yellow – 
smoothed data used for activity calculation. 
 
 
 
FIGURE 2. Typical GM tube response to the activity of 
81Rb. Blue line – raw data, red line – dead-time cor-
rected data, yellow – smoothed data used for activity 
calculation. 
 
For activity determination, the mean value of 
200 consecutive readouts starting from the 120th 
readout following maximum is used. The calibra-
tion for the whole range of the produced activi-
ties was performed via precise measurement of 
the cumulative 81Rb activity concentration by 
standard γ-spectrometry using HPGe detector.  
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Results and Conclusion 
A simple operational system for on-line activity 
measurement of 18F and 81Rb in aqueous solu-
tions using GM tube was designed, calibrated 
and implemented. Long term statistics show 
that the measured activities do not differ from 
the values obtained on calibrated ionizing 
chamber (18F) or γ-spectrometer (81Rb) for more 
than ± 2.5 %. The method seems to be cheap 
and rapid for reliable estimate of the produced 
activities on-line. 
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Introduction  
The use of a prefabricated target window as-
sembly greatly simplifies the window installa-
tion. The window module is sealed by metal 
knife-edges, thus eliminating any elestomers in 
the target construction.  
Spherical Havar window offers high strength at 
reduced thickness and does not require helium 
cooling. 
The target body is of platinum-plated silver. 
The target assembly includes an integral beam 
collimator and a four-sector mask. 
 
Material and Methods  
The window module consists of a hydroformed 
Havar foil (Hamilton Precision Metals, Inc.) elec-
tron beam welded to copper-stainless ring. The 
whole assembly is platinum plated (DNS Plati-
num Plating Solution, Johnson Matthey) after 
welding (FIG. 1). 
 
 
 
FIGURE 1. Electron-beam welded window module 
 
The window ring is machined from a silver-
soldered copper-stainless bar. The copper that is 
left in totally annealed state, provides the seal-
ing area (FIG. 2). 
During the process of hydroforming the 50 mi-
cron thick Havar is stretched providing a gradu-
ally changing thickness from full at the edges to 
28 microns in the centre. In tests the windows 
withstood a pressure of over 200 bar (at room 
temperature.) 
 
 
FIGURE 2. Cross-section of the window showing the bi-
metallic construction of the ring 
 
The target body is cast from pure silver. Casting 
was done directly from a 3D printed wax pattern 
that incorporated all the features, including 
cooling cannels (FIG. 3). Target volume is 3 cc 
with additional expansion and evaporative cool-
ing space above it. All the surfaces that come in 
contact with the target material are platinum 
plated. 
Sectional view of the target assembly is shown in 
FIG. 4. The target is designed for an operation 
with a ~13mm diameter beam, collimated to 
10mm. 
The water cooled conical collimator forms an 
integral part of the target. In front of the colli-
mator a four sector silver mask allows a precise 
centering of the beam on the target (FIG. 5).  
 
 
 
FIGURE 3. Cast silver target body and hardened stain-
less knife-edge-ring before pressing 
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FIGURE 4. Sectional view of the target showing the 
mask, collimator and the window module.  
 
 
 
FIGURE 5. Target front showing the silver sector mask 
and the collimator 
 
The knife edge seals, as separate rings, are ma-
chined from 440 steel hardened to Rc 60. The 
two rings are pressed directly into the target 
body and the collimator block to form a vacuum-
tight metal to metal seals. The window module 
is clamped between the two seals with the knife 
edges embedded into the copper periphery of 
the bimetallic window ring.  
This approach allows for a quick and efficient 
window module change at the end of the win-
dow life cycle.  
 
Results and Conclusion 
Tests are being performed to determine the 
number of window module changes the knife 
edges can survive. The results will be available 
soon, but preliminary experiments indicate 
more than 10 cycles. 
Most water (and gas) targets undergo scheduled 
window changes to prevent a failure due to 
radiation damage to the window foil. In many 
cases the elastomer o-rings that seal the window 
foil fail even earlier. An interval of 3 to 6 months 
between window changes is typical under most 
operating conditions, but less frequent changes 
are possible with the metal seals. 
The target is expected to operate at beam pow-
ers of over 2 kW with pressures over 50 bar. 
Runs are scheduled during May 2014 to deter-
mine the target performance under bombard-
ment.  
A technique for a niobium coating of the target 
chamber is being developed. This coating can be 
placed instead or in addition to the platinum 
plating. The results will be reported.  
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Introduction  
Low melting point metals are often encapsulat-
ed in a hermetic container, irradiated and the 
container transferred to hot-cell for material 
removal and processing. An important process 
of this kind is the production of 82Sr from rubidi-
um (melting point: 39.5 °C.) 
This new concept departures completely form 
the encapsulated targets approach and allows 
an almost continues production by the irradia-
tion of the bulk metal. As well, eliminated is the 
target transfer. By placing the target material 
dissolution chamber right in the target station, 
only the dissolution product is pumped to the 
hotcell for further processing. 
 
Material and Methods 
Some of the disadvantages of the encapsulated 
target are: 
 
1. Complicated transfer system that is ex-
pensive to install, slow and prone to 
failures. 
2. Complex and expensive encapsulation 
procedure. 
3. Loss of production time during the 
lengthy target changing. 
4. Capsule geometry is constrained by the 
encapsulating process and transfer de-
mands compromising heat transfer and 
beam power. 
 
To avoid the difficulties of liquid metal handling, 
metal salts are often used instead (rubidium 
chloride is one example). This creates other 
problems and limits the beam currents and pro-
duction yields. 
 
In the system described, the liquid metal is 
transferred (by gravity) from a bulk container to 
an irradiation chamber. The chamber, made out 
of nickel-plated silver, holds the correct quantity 
of rubidium for one irradiation run. Because of 
the geometry of the chamber and the efficient 
cooling, up to 40KW of beam power can be de-
livered to the target. The chamber is equipped 
with thermocouples and a liquid-metal level 
detector and is entirely of welded/brazed con-
struction. The alloy foil that forms the beam 
window is electron-beam welded to the cham-
ber front ring. 
At the end of irradiation the irradiated liquid 
metal is gravity fed into a reaction chamber 
situated below the irradiation chamber, and a 
new load of fresh rubidium released into the 
irradiation chamber. The liquid-metal transfer 
and the irradiation components are shown on 
FIG. 1, and the sectional view on FIG. 2. 
 
 
FIGURE 1. Target core components 
 
 
 
FIGURE 2. Sectional view 
 
Appropriate chemicals (n-butanol in the case of 
rubidium) are delivered to the reaction chamber 
and the irradiated metal dissolved. The liquid 
dissolution product is transferred back to the 
hotcell. Since all steps of the reaction involve 
liquids, only small diameter tubes connect the 
target station with the hotcell. The transfer is 
fast and simple. 
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The bulk liquid-metal storage container can be 
constructed to hold enough material for 10 or 
more runs. When empty, it is replaced with a 
pre-loaded one. The container is connected to 
the target system with one coupling and the 
exchange takes a short time. A robotic bottle 
exchange can be implemented if desired. 
The station is equipped with its own vacuum 
system, beam diagnostic (consisting of a four-
sector mask) and a collimation. The target 
chamber and each of the beam intercepting 
components are electrically insulated to allow 
beam current monitoring.  
 
Constructed entirely out of metal and ceramic 
the target core assembly does not suffer from 
radiation damage. The use of aluminum, silver 
and alumina reduce component activation.  
FIG. 3 shows the main parts of the target station. 
 
 
FIGURE 3. Target station main parts 
 
Results and Conclusion 
A large part of the station design is based on the 
well proven construction of high current solid 
target system and is using the same, or similar 
components. 
Test was performed to optimize the liquid-metal 
transfer and the chamber filling with the correct 
volume, while leaving some room for expansion.  
A process for niobium coating of sliver is investi-
gated. Niobium is known to provide good corro-
sion resistance against liquid metals.  
Thermal modelling of the target and flow analy-
sis of the cooling geometry is under way. 
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Introduction 
In order to address the increasing demand for 
Fluorine-18 and the rising cost per mL of 18O enriched 
water, IBA developed improvements to their 18F- 
production systems.  
For this new design we started from scratch, with 
the main objectives of reducing the required enriched 
water volume and improving the cooling of the insert. 
A better cooling allows increasing the target current 
and thus the produced activity. Finally, we aimed to 
reduce the number of parts and improve the design 
of auxiliary components. 
 
 
FIGURE 1: new conical shaped Niobium insert 
 
Material and Methods 
Six Niobium conical inserts with different target 
chamber volumes were machined and tested. Only 4 
of these were selected to create the new range of IBA 
18F- targets shown in Table 1.  
Official name Insert chamber volume (mL) 
Nirta Conical 5 2.4 
Nirta Conical 8 3.7 
Nirta Conical 12 5.0 
Nirta Conical 16 7.0 
TABLE 1: IBA new 18F- target range 
The new Niobium target inserts have a complex 
shape with drilled channels on the outside of the 
chamber (Figure 1) and a deep channel next to the 
beam strike area (Figure 2, green circle) to ensure 
efficient cooling.  
The 18O water inlet lines are now directly inserted 
in the Niobium body (Figure 2, blue circle) to improve 
18F- quality (no more contact with small o-rings as it 
was the case with the old cylindrical design (Figure 3, 
red circle)). In operation, a 35µm Havar® target foil is 
used, reducing cooling needs and power loss in the 
foil. 
Another benefit of this conical shape is that it 
sends the [18O]-water back to the beam strike area, 
and when emptying the target at the end of the shot, 
the water flows naturally to the transfer line making 
the remaining activity inside the target as low as 
possible. 
 
FIGURE 2: new conical design 
 
FIGURE 3: old cylindrical design 
Maintenance has been simplified by using less 
pieces and o-rings. Disassembling and assembling are 
now much easier. As target foil is better cooled and 
because orings have been changed to Kalrez® to 
better resist heat, maintenance interval is expected 
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to be longer. Moreover, load and unload target 
tubings were changed to stainless steel in order to 
withstand higher pressure and temperature. Apart 
from the niobium insert and the water diffuser that 
are different for each target of the range, all other 
parts are common. A handle has been added to make 
the target manipulation easier (Figure 4). 
 
FIGURE 4: new Conical target: how it looks like 
All tests were performed using IBA Cyclone® 18 
cyclotron. The targets were filled with different 
volumes of enriched 18O water (enrichment >92%) 
and irradiated with 18 MeV protons on target with 
beam currents up to 145 μA for 30 to 150 minutes, 
while the internal pressure rise of the target was 
recorded. For each target, a pressure-current curve 
was plotted (Figure 5). These curves are used in IBA 
Zephiros dynamic pressure control system to regulate 
the beam current in function of the target pressure in 
automatic mode [2]. 
An optimum balance between target water fill 
volume, pressure and current has been determined, 
which maximises available activity after two hours, in 
each case.  
 
 FIGURE 5: target pressure for given filling volumes 
 
Results and Conclusion 
Even though the new target body is made of Niobium 
and a Havar window (35 µm) is used, the 
radionuclidic impurities were determined in the 18F-
solution (Figure 6 and Table 2). 
Hundreds of FDG syntheses on various synthesizers 
confirmed the effectiveness of the new design by 
showing equivalent and consistent production yields 
(Figure 7). 
 
 
FIGURE 6: radionuclidic impurities in 18F-solution 
(Conical 8) 
 
TABLE 2: radionuclidic impurities (beam time 2h, 
current 65 µA) 
 
FIGURE 7: Production yield stability with Conical target. 
Target window resistance to beam and pressure 
has been tested on Conical 16 with an enriched water 
filling volume of 4250 µl. The burst pressure was 
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found to be above 50 bar for a target current above 
150 µA (Figure 8). 
 
FIGURE 8: burst test (Conical 16, filling 4250µl) 
The summary of the results can be found in Table 2 
below. 
In conclusion, with this new range of 18F- conical 
targets, we observe a switch in the performance 
compared to cylindrical ones with lower water 
consumption and higher activity output (as shown in 
Table 3). 
The benefit of the new design becomes more 
evident as the volume of the insert increases. For 
Conical 12 versus 2XL target and Conical 16 versus 
3XL target, with equivalent insert volume and 
enriched water filling, the beam current and then the 
output activities can be increased by 25%. 
Increasing the current up to 145µA in Conical 16, 
the production reached 18Ci in 2 hours, single beam, 
with a target pressure under 43 bar. 
Today, the use of these new targets for daily 
commercial production is increasing within the IBA 
Cyclone® installed base. 
The new design with less o-rings and direct 
insertion of flow line into the niobium chamber has 
proven its effectiveness. 
 
Table 3: Results summary 
 Conical 5 Conical 8 Conical 12 Conical 16 
Insert Volume 2.4 ml 3.4 ml 5 ml 7 ml 
Filling Volume 1.8 ml 2.3 ml 2.8 ml 4.2 ml 
Average current 45 µA 65 µA 100 µA 130 µA 
Yield @ sat. 230 mCi/µA 230 mCi/µA 230 mCi/µA 230 mCi/µA 
Activity output (2h) 5 Ci 8 Ci 12 Ci 16 Ci 
Target pressure 40 bar 30 bar 30 bar 30 bar 
18F- concentration 2.8 Ci/ml 3.5 Ci/ml 4.3 Ci/ml 4.0 Ci/ml 
 
Table 4: Performance comparison Nirta Cylindrical vs Nirta Conical 
Nirta 
cylindrical 
 LV  XL  2XL  3XL  
 
 
1.8 ml 
5 Ci  
2.5 ml 
7 Ci  
3 ml 
9 Ci  
4 ml 
13 Ci  
Nirta Conical 
  Conical 5  Conical 8  Conical 12  Conical 16 
  1.8 ml 5 Ci  
2.3 ml 
8 Ci  
2.8 ml 
12 Ci  
4.0 ml 
16 Ci 
 
 
Figure 9: New conical design [3]: Niobium insert, target body, one piece water diffuser 
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Introduction 
It is shown that a very simple model reproduces 
the pressure versus beam current characteristics 
of elongated single-cavity boiling water targets 
for 18F production surprisingly well. By fitting the 
model calculations to measured data, values for 
a single free parameter, namely an overall heat-
transfer coefficient, have been extracted for 
several IBA Nirta H2
18O targets. 
IBA recently released details on their new 
Nirta targets that have a conical shape, which 
constitutes an improvement over the original 
design that has a cylindrical shape [1,2]. These 
shapes are shown schematically in Figure 1.  
 
 
FIGURE 1. Shapes of the new conical and old cylindri-
cal IBA Nirta water-target cavities. 
 
A study by Alvord et al. [3] pointed out that 
elevated pressures and temperatures in excess 
of the saturation conditions may exist in a water 
target during bombardment. However, as long 
as the rate of condensation matches the rate of 
vaporization, the bulk of the system should re-
main at saturation conditions. Superheated 
regions are therefore likely to form but also 
likely to disappear rapidly, typically on the scale 
of a few milliseconds. Even though the boiling 
process is generally quite complex, enhanced by 
radiation-induced nucleation, the presence of 
fast mixing mechanisms in the water volume 
justifies some simplifications to be made. 
 
Materials and Methods 
The simplified model assumes that the bulk of 
the target water has a constant temperature, 
which is the same as the inner wall temperature 
of the cavity, Tw. A second simplification is to 
neglect the temperature difference across the 
target chamber wall, which is only justified if the 
wall is thin. The boiling is not explicitly taken 
into consideration, including the rather complex 
boiling behaviour at the Havar window, except 
to acknowledge that it is the main mixing mech-
anism. Large temperature gradients can briefly 
exist in the water but they also rapidly disappear 
[3]. A further assumption is that a single, overall 
convective heat-transfer coefficient can be ap-
plied, which is considered to be constant over 
the entire water-cooled surface. As the wall 
thickness is neglected, the heat-transfer surface 
is taken to be the inner surface of the cavity, 
excluding the surface of the Havar window. The 
energy balance between the beam heating and 
the convection heat transfer (Newton’s law of 
cooling) is given by 
 
∆ = − 0( ),b wI E hA T T  
(1) 
 
where Ib is the beam intensity, ΔE is the energy 
windows of the target (taken as 18 MeV), h is 
the convective heat-transfer coefficient, A is the 
inner cavity surface through which the heat has 
to be transferred from the target-water volume 
to the cooling water, and T0 is the cooling-water 
temperature.  
The saturated vapour pressure versus tem-
perature of water is a characteristic curve, given 
by the steam tables [4]. It can be written as 
 
−= = 1( )    or    ( ).P f T T f P  (2) 
 
Assuming the bulk of the system at saturation 
conditions, one gets from (1) and (2) 
 
∆  = = +    
0( ) .w b
EP f T f I T
hA
 (3) 
 
The function f is represented by a polynomial. 
The only unknown in Equation (3) is the overall 
convective heat-transfer coefficient h. Our ap-
proach was to adjust h until a good fit with a set 
of measured data was obtained. It also has to be 
mentioned that subtle differences in the physi-
cal properties between 18O-water and natural 
water have been neglected. 
Admittedly, the real target is more complex 
than reflected by Equation (3). Nevertheless, the 
results obtained from Equation (3) provide in-
teresting and useful insight. 
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Results and Conclusion 
 
Measured data and corresponding calculations 
are shown in Figure 2 for three different conical 
targets and one cylindrical target. The extracted 
convective heat-transfer coefficients are pre-
sented in Table 1 for the four cavities.  
 
FIGURE 2. Pressure versus beam current for several 
Nb inserts. Square symbols: Measured at iThemba 
LABS. Round symbols: Devillet et al. [1]. The curves 
are calculations using Equation (3) with T0 = 30 ᵒC for 
the mean cooling-water temperature. 
 
Target Cavity volume 
(cm3) 
h 
(W cm-2 ᵒC-1) 
Nirta Conical 8 3.7 0.44 
Nirta Conical 12 5.0 0.48 
Nirta Conical 16 7.0 0.44 
Nirta Cylindrical LV 2.4 0.41 
TABLE 1. Inside volumes of the investigated tar-
get cavities and values extracted for the overall 
heat-transfer coefficient. 
 
As can be seen in Figure 2, while there are 
some differences between the data and calcu-
lated curves, especially towards lower beam 
currents, the overall agreement is remarkably 
good. It is possible that the better agreement 
towards higher beam intensities is related to 
more ebullient boiling and more rapid mixing, 
i.e. a closer agreement with to the conditions 
that the model assumes.  
The values obtained for the overall convec-
tive heat-transfer coefficient are also remarkably 
similar. This tells us that, by and large, all the 
cavities perform in a similar way and the pe-
formance in terms of maximum operational 
beam current depends largely on the available 
surface to effectively remove the heat from. The 
values of h increase marginally if a smaller value 
is adopted for the cooling-water temperature. 
Note that the choice of T0 = 30 ᵒC used to obtain 
the results in Table 1 is typical for the room 
temperature, closed-loop cooling system used at 
iThemba LABS, under stable operational condi-
tions. 
A study by Buckley [5] on a different target 
design reports a value of h = 0.49 W cm-2 ᵒC-1, 
which is reassuringly similar. That study de-
scribes a cylindrical target cavity with a volume 
of 0.9 cm3, 8 mm deep, cooled with 25 ᵒC water 
from the back, operated with a 15 MeV proton 
beam with an intensity of 30 µA.  
The Nb Nirta targets are typically filled with 
18O-water to about 60% of the cavity volume 
(see refs. [1,2] for the recommended values). 
The elongated shape, in combination with the 
ebullient properties of the boiling water, pre-
vents burn-through. All the targets deliver pro-
duction yields in agreement with the expected 
saturation yield. The targets are self-regulating ─ 
no external gas pressure is required.  
While the thermosyphon targets seemingly 
take advantage of a superior concept, we are 
now questioning whether this is really so in 
practice? It is not clear to us that the much more 
complex thermosyphon targets deliver any op-
erational and/or performance advantages com-
pared to the simple elegance of these elongated, 
single-cavity boiling target designs. 
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Introduction 
In last decade increasing demand for clinical F-
18 Fludeoxyglucose requires a greater F-18 fluo-
ride production. From the other side increasing 
price of enriched O-18 water compel us to find 
the most effective way of F-18 activity produc-
tion. One of the possible way, how to optimize 
and increase yield of F-18, is to increasing target 
current with retaining the same or less volume 
of enriched water. Optimization of F-18 produc-
tion on IBA Large Volume cylindrical target is 
presented. 
 
Material and Methods  
Irradiations of [18O]H2O by 18MeV proton beams 
with intensities 40–55 μA were performed on 
CYCLON 18/9, IBA cyclotron and on LV cylindrical 
IBA target: 
 
Target current 40–55 µA 
Target volume 
Filling volume 
2.5ml 
2.0ml 
Target pressure 30–35 bar 
Standard yield declare by IBA 5 Ci/2h EOB 
Window Burst Pressure > 50 bar 
TABLE 1: Main parameters of LV target 
 
Irradiated enriched water was transported to 
the hot cell using RDS (Radioactive Delivery 
System) system and was measured in Currie-
mentor 4 Isotope Calibrator made by PTW. 
At the beginning it was necessary to satisfy sev-
eral requirements:  
i) target and water cooling.  
Using a simple two dimensional equation we can 
roughly estimate the equilibrium temperature 
inside the target [1]: 
Δt = HT/Ak 
where:  
Δt = the temperature rise in the target chamber 
over cooling water temperature  
H = is the heat load  
T = thickness of metal wall  
A = area of metal in contact with target water  
k = thermal conductivity 
In our case with heat load 720 W (40 μA×18 
MeV) is Δt = 78 oC. From the curve of boiling 
point of water as a function of pressure [2], we 
can observe t = 212 °C at 20 bar or 243 °C at 35 
bar, respectively, which corresponds to max. 
heat load up to 90–95 µA of target current. 
ii) pressure and filling water volume.  
Filling water volume was from 2 to 2.15 ml to 
guarantee stop all beam in water. Also during 
experiments for safety reasons the operating 
pressure was limited to 35 bar as the window 
rupture pressure is > 50 bar for used 0.05 mm 
Havar foil. In this case increasing target volume 
with increasing current was provided with long-
er tube. 
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FIGURE 1: Target Pressure as a Function of Beam Cur-
rent 
 
Results and Conclusion 
The saturated yields of F-18 for 40 µA to 55 µA 
target currents are given in TABLE 1. No system-
atic decrease in yields with increasing target 
current was observed and yields were in line 
with the 230 ± 10 mCi/µA measured at ac-
ceptance test of target. 
 
Target current 
(µA) 
Satur. yield 
(mCi/µA) 
ActivityEOB 1h 
(GBq) 
40 231 8.55 108 
45.5 232 8.6 116 
50 229 8.46 132.5 
55 232 8.6 150 
TABLE 2. Activities in the target at EOB 
 
The [18F]FDG yields from productions using the 
TRACERlab-Mx module are shown in FIGURE 1. All 
presented productions of F-18 were prepared 
with LV target with 55 µA. No decrease in the 
yield was observed with increasing beam cur-
rent. 
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FIGURE 2. FDG synthesis yields. The lower yields in the 
beginning were due to problems with RDS system. 
 
It has been demonstrated that it is possible to 
produce routinely 250 GBq/2hr (6.8 Ci/2hr) of 
18F-Fluoride using LV cylindrical target (operating 
conditions: 55 µA, 18 MeV, 98% enriched water). 
As the next step we want to test dual beam – 
2×55 µA with two LV targets and expected activi-
ty about 500 GBq of 18F-Fluoride in 2 hours is 
expected. 
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Introduction  
Short-lived isomer 83mKr (T½ = 1.83 h) is an ideal 
calibration source in several low-energy experi-
ments like or KATRIN (determining the neutrino 
rest mass, monitoring high voltage stability and 
investigation of the main spectrometer proper-
ties) or XENON (detection of the dark matter). 
The isomer 83mKr is formed by decay of 83Rb (T½ = 
86.2 d) that can be produced predominantly via 
the reaction 84Kr(p,2n)83Rb by irradiation of natKr 
(57 % abundance of 84Kr). 
The design and construction of the new gas 
target for effective production of radionuclide 
83Rb as well as target processing will be shortly 
described. 
 
Material and Methods  
For the target design, we selected the following 
criteria: minimizing activation of target compo-
nents; efficient cooling system allowing higher 
beam currents; easy handling; high life-time of 
the target chamber (low impact of the irradia-
tion and radionuclide separation process on the 
target chamber surface and 83Rb recovery). 
 
The target consists of three parts: 
1. Water cooled aluminium (alloy EN 6082) 
mechanical interface for easy connection of 
the target to the beam line. It also serves as a 
beam collimator (diameter 9 mm). 
2. Holder of He-cooled foils (vacuum separation 
foil – Havar 0.025 mm, target body window – 
Ti 0.1 mm). 
3. Aluminium (alloy EN 6082) water cooled 
target body with 150mm long cone-shaped 
target chamber of the volume 27.1 ml. Inter-
nal surface of the chamber is nickel-coated. 
 
 
FIGURE 1. Gas target for 83Rb production 
 
The target filled with natural Kr of purity 0.9999 
and absolute pressure 13 bar was irradiated on 
the external beam of the isochronous cyclotron 
U-120M of the NPI AS CR. The proton beam 
energy was set so that it is decreased after deg-
radation in the separation foils to 25.6 MeV. 
Beam energy loss in the natural Kr gas filling is 
9.6 MeV. The target was tested up to 25 µA 
beam current. 
After irradiation, the target is left for a week to 
let the short-lived activation products to decay. 
Then, 83Rb is washed out from the target walls 
by two portions of freshly prepared de-ionized 
water, target is rinsed by high-purity ethanol 
and dried. The two portions of 83Rb aqueous 
solution are then connected and activity and 
radionuclidic purity of the product is determined 
via γ-spectrometry (HPGe detector). Large-
distance sample-detector measurements of the 
target prior and after the separation are used in 
order to determine recovery of 83Rb. 
 
Results and Conclusion  
The new gas target for routine production of 
83Rb was successfully designed, tested and im-
plemented for regular 83Rb production. Six-hour 
irradiation with 15 µA proton beam resulted 
repeatedly in ca 300 MBq of 83Rb (EOB). Besides 
83Rb, we identified in the separated product also 
84Rb (T½ = 32.82 d) at levels ca 31 % of the 
83Rb 
activity (EOB) and 86Rb (T½ = 18.631 d) at levels 
ca 8 % of the 83Rb activity (EOB). Both radionu-
clidic impurities do not disturb the use of 83Rb, 
since none of them emanates any radioactive 
krypton isotope. Moreover, their relative con-
tent decreases in time. Rubidium isotopes are 
recovered from the target almost quantitatively 
(98–99 %). 
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Introduction  
Nitrogen [13N] NH3 is a liquid radioisotope, pro-
duced by medical cyclotrons for nuclear medi-
cine application and widely applied for evalua-
tion of myocardial perfusion in clinical assess-
ments [1,2]. Owing to its short half-life (10 
minutes), the unloading procedure of the radio-
active solution of [13N]NH3 from the target is 
crucial in saving the activity produced for pa-
tient. Therefore, an efficient technique in un-
loading the radioactive solution from the target 
body was developed using COMSOL Multiphys-
ics®. The new design of the target with improved 
unloading technique resulted in 30% increase of 
the available 13N activity. In our experiments, 13N 
was produced by the 16O(p,α)13N reaction. The 
energy of proton beam was 16.5 MeV. 
 
Material and Methods 
A 2D model was developed using COMSOL Mul-
tiphysics to simulate the inner geometry of [13N] 
Ammonia target. In the 2D model, water and 
aluminum were used as materials for the inner 
body and outer boundary (walls), respectively. 
The physical equations used to solve the prob-
lem of allocating proper place for the load-
ing/unloading opening is turbulent, k-ε Module 
being extracted from fluid flow module. FIGURE 1 
shows the result of simulating water flow on the 
target water channels. The entrance of the push-
ing solution (for unloading) was designed to 
create a turbulent flow inside the target body 
and, hence, to collect most of the activity inside 
the target.  
 
 
FIGURE 1. Simulation results suggested by COMSOL and 
photo of the target after fabrication 
FIGURE 2 shows the setup for 13N production. A 
peristaltic pump is used to push the solution 
after irradiation to the hotcell at 6 ml/min flow-
rate. The distance from the target to the hotcell 
is approximately 30 meters.  
        
16O Target
Pressure Sensor
Drain Valve
Collection Vial
Cyclotron vault
Parasitic pump
16O Bottle
Proton Beam 
(16.5 MeV)
6 ml/min
 
FIGURE 2. Schematic diagram for 13N production 
 
Results and Conclusion 
FIGURE 3 presents activity produced in milicurie 
(mCi) for several patient runs. The activity ob-
tained in some experiments reached up to 330 
mCi when we irradiated the target with 25 μA 
for 15 min. This was satisfactory for delivery to 
the patient at the nuclear medicine department. 
Moreover, purity of [13N] purity was above 95 % 
what meets the standard regulation for admin-
istration to a patient. 
 
 
FIGURE 3. Activities produced at EOB 
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Introduction 
Annealed Inconel 718 alloy was chosen for the 
beam window at the Los Alamos Neutron Sci-
ence Center (LANSCE) Isotope Production Facili-
ty (IPF) [1]. The window was replaced after 5 
years of operation. Mechanical properties and 
microstructure changes were measured to as-
sess its expected lifetime. 
 
Material and Methods 
A cutting plan was developed based on the IPF 
rasterred beam profile (FIG. 1). 3-mm OD sam-
ples were cut out from the window and thinned 
to 0.25-mm thick. Shear punch tests were per-
formed at 25 °C on 21 samples to quantify shear 
yield, ultimate shear stress, and ductility. From 
1-mm OD, 0.25-mm thick shear punched out 
disks, 4 TEM specimens of ~30×10×2 μm were 
obtained using standard FIB lift-out techniques. 
TEM was performed on an FEI Tecnai TF30-FEG 
operating at 300 kV. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 1. A 3D beam profile from MCNPX simulations 
(top) and cutting plan (bottom). 
 
Results and Conclusions 
TABLE 1 shows MCNPX tally results of accumulat-
ed dpa, He and H content from both protons and 
neutrons fluences and ANSYS steady-state irra-
diation temperature for the 3-mm OD samples 
[2]. These peak values are at the peak density of 
the Gaussian beam. These values are lower to-
wards the outer edge of the window. 
 
SAMPLE DPA H (APPM) HE (APPM) TEMPERATURE (C) 
1–2 8.6 13.4–13.6 2.1–2.2 100 
3–9 11.3 17.8–18.3 2.6–2.9 122 
10–11 2.0 3.1–3.2 0.5 90 
12–13 2.8 4.5–4.7 0.7 90 
14 3.3 5.1 0.7 90 
15–16 3.6 5.6–5.9 0.9 
 17–18 0.2 0.2 0 40 
19 0.7 0.9 0.1 40 
20–21 0.8 1.3 0.2 40 
22 1.4 2.2 0.3 
 A–B 9.3 14.9–15.0 2.2–2.4 
 C–E 10.6 16.5–17.0 2.7 
 F–K 9.0 14.1–14.6 2.2–2.3 
 L 2.2 3.2 0.4 
 M 2.3 3.8 0.6 
 N 2.5 3.9 0.7 
 O–P 3.5 5.6–5.7 0.9–1.0 
 Q–S 0.2 0.2–0.5 0–0.1 
 T 0.5 0.7 0.1 
 U 1.0 1.7 0.2 
 V 1.2 2.1 0.3 
 
TABLE 1. MCNPX calculated dose (dpa), H and He con-
tent and temperature at various locations in the beam 
window at 100 MeV beam energy  
 
Typically increases in shear yield and shear max-
imum stress occur with increasing dose. In this 
case, highest shear yield and ultimate stress was 
on the lowest dose samples at the outer edge 
(FIG. 2). 
 
 
 
 
 
 
 
 
 
 
FIGURE 2. Shear punch results of samples at various 
locations shown in the cutting plan and control sam-
ple from un-irradiated Inconel 718.  
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Optical microscopy images of the fracture sur-
faces on the shear punched out disks show no 
significant change in the fracture mode or re-
duction in ductility in the un-irradiated, high and 
low dose irradiated samples. 
One un-irradiated and 4 irradiated samples (5, E, 
16 and 19) were selected for TEM analysis. Fig-
ure 3 shows bright field TEM images of an un-
irradiated, high and low dose irradiated samples. 
 
 
 
 
 
FIGURE 3. TEM images of un-irradiated (top row), high 
dose sample #5 (middle row) , and low dose sample 
#19 (bottom row) 
 
Un-irradiated sample shows some dislocations 
and some large precipitates. The high dose sam-
ple #5 (~11 dpa, 122 oC) shows small loops and 
dislocations (left and center images) and no γ' or 
γ'' precipitates in SAD from z = [011] (right im-
age). Low dose sample #19 (~0.7 dpa, 40 oC) 
shows a high density of dislocation loops (left 
image), high density of H/He bubbles (center 
image) and presence of γ'' precipitates in SAD 
from z = [011] (right image).  
 
Radiation induced-hardening is highest at the 
low dose region in the outer most edge. The 
hardening from γ'' precipitates is determined to 
be more pronounced than that from trapped 
bubbles. The lack of significant hardening in the 
highest dose region is attributed to a lower dis-
location density and no γ” precipitates or bub-
bles [3]. Identification of H or He bubbles and 
the higher accumulation of these bubbles in the 
low dose region (no direct beam hitting) warrant 
further studies. 
 
Despite the evidence of irradiation-induced 
hardening, this spent beam window appears to 
retain useful ductility after 5 years in service. At 
the conclusion of 2013 run cycle, the current in-
service beam window had reached the same dpa 
as of the spent window. We plan to extend the 
service of the current in-service window until it 
reaches its intended design threshold limit of 
~20 dpa (in the highest dose region). Additional 
measurements at higher dpa values will enable 
better decision-making in managing risks of the 
window failure. 
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Introduction  
Liquid targets using top-of-foil loading concept 
have been succesfully employed for routine high 
current production of 18F and 13N at Cyclotope 
(Houston,TX), over the past ten years1,2. These 
targets are typically filled with 3.5 ml of water, 
then pressurized with helium gas at 22 bar and 
bombarded with 18MeV protons (70–100 µA). 
Average calculated saturation yield for produc-
tion of 18F is ~7.8 GBq/µA (210 mCi/µA) using in-
house recycled [18O]-water at approximately 
93% enrichment.  
Reduction of beam power per unit of area is one 
of the advantages of a tilted entrance-foil geom-
etry. Implementation of this target geometry on 
the ACSI TR19 cyclotron 25degrees upwards 
irradiation port results in an almost horizontal 
target entrance foil. A 6ml total cavity volume 
target allows variable liquid fill volumes of 1.2–
4.5 ml for beam current operation from 30–120 
µA, resulting in a very efficient use of the costly 
18O-water. In a near horizontal installation as in 
the mayority of cyclotrons, the fill volume flexi-
bility is drastically reduced, having a minimum 
fill volume of 3.3 ml. 
At the requirement of Laboratorios Bacon, Cyc-
lotope modified the target design with a front 
mounted collimator compatible with the IBA 
Cyclone 18/9 cyclotron. A second requirement 
was to reduce the minimum fill volume for hori-
zontally mounted targets to 2.5 ml or less, while 
maintaining saturation yield performance. To 
preserve compatibility with existing IBA targets, 
the target hardware was modified to operate in 
self-pressurization mode.  
This paper presents the results obtained with 
high and low volume Niobium target inserts (6ml 
and 4 ml) mounted near horizontally on the IBA 
Cyclone 18/9 cyclotron and operated in self-
pressurization mode.  
We present pressure/current characteristics, 
target performance (saturation yield, produced 
activities, maintenance frequency, FDG yields, 
etc.). 
 
Material and Methods  
The following targets manufactured by Cyclo-
tope were tested and routinely used for produc-
tion at Laboratorios Bacon: 
1-High Volume Target CY2 model (“American 
Standard”), 6ml Niobium cavity. 
2-Low Volume Target, CY3a model (“Traful”), 
4ml Niobium cavity.  
3- Low volume Target, CY3b model (“Ferrum”), 
4.1ml Niobium cavity. 
 
Results and Conclusion 
The advantages of self-pressurization mode  
(Laboratorios Bacon setup) are: 
- Using the vapor pressure as a performance 
parameter 
- heat removal by boiling/condensation cyc-
le starts at lower temperature (beam cur-
rent) .  
While, the advantages of the pre-pressurized 
targets (Cyclotope setup) are: 
-  reduced pressure fluctuations  
- performance is basically unaffected by  
plumbing dead volume 
- flexibility to locate instrumentation farther 
away from radiation fields 
- less dependence on fill volume 
- potential target leaks can be detected be-
fore starting an irradiation 
No significant differences were found in target 
performance when operated in either pressu-
rization mode. The self-pressurizing setup seems 
to require a sligthly lower fill volume (approxi-
mately 5%). 
The maximum beam current was limited by the 
foil rupture pressure (~ 40 bar). Safe maximum 
operating pressure was determined as 30 bar. 
No foil rupture was experienced during nine 
months of daily irradiation of these targets in 
self-pressurizing mode at Laboratorios Bacon.  
The irradiation parameters and target perfor-
mance for the different targets are shown in 
Tables 1 and 2 below. The low volume Traful and 
Ferrum targets have the best saturation activity 
vs. fill volume, A(sat)/V, relation. Both targets 
produce 310 ± 31GBq (8.4 ± 0.8 Ci) of high quali-
ty fluoride (F-18) in two hours of irradiation at 
70 µA. The low volume targets have a low oper-
ation pressure (20bar @ 70µA) when compared 
to the IBA (NIRTA XL) targets. The typical satura-
tion activity for the low volume targets was 592 
± 59 GBq (16 ± 1.6 Ci) of F-18 at 70 µA, 8.5 
GBq/µA (228 mCi/µA) using 2.7ml enriched O-18 
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water (98 % +). The maintenance interval (> 10 
mA.h) is very conveniente to reduce personnel 
radiation dose. No reduction in FDG yields was 
observed during that operation interval. 
 
Target I(µA) P(bar) V(ml) 
AMERICAN 
STANDARD* 
90 20 3.8 
TRAFUL 70 20 2.7 
FERRUM 
IBA (NIRTA XL) 
70 
40 
20 
30 
2.7 
2.0 
TABLE 1. Targets parameters for self-pressurizing mode 
on the IBA Cyclone 18/9. Where, I is the beam cur-
rent, P is the operating pressure, V is the fill volume. 
 
In contrast, operation of the high volume targets 
in pre-presurization mode at the Cyclotope facil-
ity results in a higher maximum beam current 
limit (135 µA) for the same operating pressure 
(25 bar). Nevertheless, more O-18 water will be 
required to irradiate at this high current (4.5 ml 
vs. 3.0 ml). In self-pressurizing mode, a higher 
filling volume will reduce the expansion volume 
and, in consequence, the maximum beam cur-
rent.  
 
Target 
Nº  
Runs 
ASat ASat/V 
GBq(Ci) GBq/ml 
AMERICAN 
STANDARD* 
1263 694(19) 209 
TRAFUL 314 592(16) 218 
FERRUM 10 592(16) 218 
IBA XL >1000 310(8.4) 155 
TABLE 2. Targets performance for self-pressurizing 
mode on the IBA Cyclone 18/9. O-18 water enrich-
ment 98 % +. Where, ASat is the saturation activity and 
ASat/V is the performance parameter.  
*Operated in pre-pressurized mode and using recy-
cled O-18 water (~ 93 %). 
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Introduction 
Since its first use by Kistiakowsky and Cramer in 
1941 [1], [11C]cyanide has been a useful and 
versatile radiochemical synthon for a wide varie-
ty of reactions.  It has been used as a nucleo-
philic precursor for deoxyglucose [2–5], glucose 
[6], lactic [1, 7–10] and pyruvic [10, 11] acids, 
putrescine [12] and its enzymatic-precursor 
ornithine [13], fatty acids [14] and amines [15], 
spiroperidol [16], dimethyoxyphenethylamine 
[17], γ-vinyl-γ-aminobutyric acid [18], and [1-
11C]- [19–29], [4-11C]- [30–32], and [5-11C]-
labeled [32, 33] amino acids.  It has also been 
used to produce the electrophilic nitrilation 
precursor [11C]cyanogen bromide [34], which 
has been used to label a variety of small mole-
cules [35–38], polysacchirides [39] and proteins 
[40].  Most recently, the [11C]cyanide precursor 
has found significant use in transition metal (Pd, 
Cu) catalyzed aryl nitrilation reactions [41–50].  
In the vast majority of these synthesis proce-
dures, 11C is initially produced by cyclotron irra-
diation of a N2 / O2 gas target, producing 
[11C]CO2, which is then converted to [
11C]CH4 
over hot nickel catalyst, then combined with NH3 
and converted to [11C]cyanide over hot platinum 
catalyst, most commonly citing two detailed 
literature references [20, 51].  However, despite 
its position as rote gas-phase product, the cata-
lytic synthesis of [11C]cyanide is difficult to opti-
mize and often only perfunctorily discussed in 
the radiochemical literature. 
Recently, [11C]CN– has also been used in the 
synthesis of plant hormones, such as indole-3-
[1-11C]acetic acid ([11C]IAA) [52–54], for in vivo 
mechanistic studies of plant physiology using 
PET imaging.  IAA is the principal phytohormone 
implicated in a wide variety of growth and de-
velopment functions in plants, including stem 
elongation, response to light and gravity, and 
vasculature, lateral root, and organ formation 
[55].  The University of Wisconsin has expertise 
in cyclotron production and radiochemistry of 
11C and previous experience in the PET imaging 
of plants [56,57].  In the present work, we have 
worked to optimize [11C]CN– production for the 
synthesis of [11C]IAA and the PET imaging of 
auxin transport in living plants. 
 
Material and Methods 
Compressed gases, including 99.999% He, 
99.995% NH3, and 99.9999% purity 90% N2 / 
10% H2, from Airgas, platinum wire (99.99%, 
Strem Chemicals), ~60 mesh platinum sponge 
(99.98%, Alfa Aesar), gramine (99%, ACROS Or-
ganics), DMSO (silylation grade, Thermo Scien-
tific), and other chemicals (at least ACS reagent 
grade) were used in this work.  Preparative high-
performance liquid chromatography (HPLC) was 
performed with an Rainin Instrument Co Inc 
HPXL solvent pump, Phenomenex Luna C18 
250 x 10 mm (10 µm beads) column, Applied 
Biosystems model 785A absorbance detector, 
Carrol & Ramsey Associates model 105-S radia-
tion detector, and PowerChrome model 280 
eDAQ.  Analytical HPLC was performed with a 
Waters system including two model 515 pumps, 
a Pump Control Module II, a model 2489 ab-
sorbance detector, an e-SAT/IN data acquisition 
module, a Carrol & Ramsey Associates model 
105-S radiation detector, and a Phenomenex 
Kinetex C18 75 x 4.6 mm (2.6 µm beads) column.   
[11C]CH4 was produced by irradiating 270 psi 
of 90% N2, 10% H2 with 30 µA of 16.1 MeV pro-
tons from a GE PETtrace cyclotron.  After irradia-
tion, the [11C]CH4 was converted to [
11C]CN– by 
passing through a quartz tube containing 3.0 g of 
Pt wire and powder between quartz wool frits 
inside a 1000 ˚C Carbolite tube furnace.  The 
constituents and flow rate of the [11C]CH4 carrier 
gas were varied in an effort to optimize the 
oven's catalytic production of [11C]CN– from CH4 
and NH3.  The following conditions were investi-
gated: 
i. Directly flowing irradiated target gas ver-
sus trapping, purging and releasing 
[11C]CH4 from a -178 ˚C HayeSep D column 
in He through the Pt furnace.   
ii. Varying the amount of NH3 mixed with 
the [11C]CH4 carrier gas prior to the Pt 
furnace.  
iii. Varying the purity of the added NH3 gas 
with the addition of a hydride gas purifier 
(Entegris model 35KF), reducing O2 and 
H2O impurities to <12ppb. 
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iv. Varying the flow rate of He gas carrying 
trapped, purged and released [11C]CH4.   
After flowing through the Pt furnace, the gas 
stream was bubbled through 300 µL of DMSO 
containing IAA precursor gramine (1mg), then 
passed through a 60cm x 5 cm column contain-
ing ascarite to absorb [11C]CO2, followed by 
a -178˚C Porapak Q column to trap [11C]CH4 and 
[11C]CO, as shown in FIG. 1. 
 
FIGURE 1. Simplified schematic of [11C]CN– pro-
duction and synthesis system. 
After bubbling, the DMSO/gramine vial was 
heated to 140 ˚C to react the gramine with 
[11C]CN–, forming the intermediate indole-3-[1-
11C]acetonitrile ([11C]IAN), which was subse-
quently purified by solid phase extraction (SPE).  
The reaction mixture was diluted into 20 mL 
water and loaded onto a preconditioned (2 mL 
ethanol, 10 mL H2O) Waters Sep-Pak light C18 
cartridge, followed by rinsing with 5 mL 99 : 1 :: 
0.1% HCl : acetonitrile and 10 mL 95 : 5 :: 0.1% 
HCl : acetonitrile, and eluted with 0.5 mL diethyl 
ether.  The ether was subsequently evaporated 
under argon flow, followed by the hydrolysis of 
[11C]IAN to [11C]IAA with the addition of 300 µL 
1 M NaOH and heating to 140 ˚C for 5 minutes.   
After hydrolysis, the solution was neutralized 
with 300 µL 1 M HCl and purified using prepara-
tive HPLC with a mobile phase composition of 35 
: 65 :: acetonitrile : 0.1% formic acid in H2O and 
flow rate of 3 mL/min.  The [11C]IAA peak, elut-
ing at 13 minutes, was collected and rotary 
evaporated to dryness, then again after the 
addition of 5 mL acetonitrile, followed by its 
reconstitution in 50 µL of water.  Analytical HPLC 
was performed on the [11C]IAA before and after 
this evaporation procedure with a linear gradi-
ent elution over 20 minutes of 10 : 90 - 30 : 70 :: 
acetonitrile : 0.1% formic acid and a 1 mL/min 
flow rate, eluting at 7.6 minutes. 
 
Results and Conclusion 
Optimization of the [11C]CN– gas phase chemistry 
was performed using two key metrics for meas-
uring conversion yield.  First is the fraction of 
total produced radioactivity that trapped in the 
DMSO/gramine solution (denoted %DMSO), and 
second, the fraction of DMSO/gramine-trapped 
activity that was able to react with gramine to 
form [11C]IAN (denoted %IAN).  The former of 
these metrics was measured by ionization 
chamber measurements of the reaction vial and 
ascarite and Poropak Q traps.  Under certain 
conditions, significant losses were experienced 
in this step due to unconverted [11C]CH4 or 
through combustion, forming [11C]CO2 or 
[11C]CO.  The latter metric was measured by SPE 
or preparative HPLC of [11C]IAN and experienced 
losses due to production of incomplete oxida-
tion products of the CH4-NH3 reaction, such as 
methylamine.    Total [11C]CH4 to [
11C]CN– con-
version yields (%CN–) were reported by the 
product of the two metrics. 
It was initially hypothesized that the irradia-
tion of a 90% N2, 10% H2 target gas would pro-
duce sufficient in-target-hot-atom-produced NH3 
to convert [11C]CH4
 to [11C]CN– in the Pt furnace.  
However, conversion yields were found to be 
low and highly variable, as shown in the top line 
of TABLE 1.  While in disagreement with previous 
reports [51], this is likely as a result the batch 
irradiation conditions resulting in ammonia 
losses in the target chamber and along the tub-
ing walls.   
 
[11C]CH4 carrier 
gas composition %DMSO %IAN  %CN
– 
~100 mL/min 
H2/N2.
 
(13±8)
% 
(n=14) 
(9 
±16)% 
(n=15) 
(0.7 
±0.8)% 
(n=13) 
~100 mL/min 
H2/N2, ~12 
mL/min NH3.
 
(37 
±10)% 
(n=17) 
(22 
±9)% 
(n=17) 
(8±3)% 
(n=17) 
100 mL/min He, 
~10 mL/min NH3. 
~2%  
(n=1) n/a n/a 
40 mL/min He, 
~10 mL/min NH3. 
~2%  
(n=1) n/a n/a 
20 mL/min He, 
~10 mL/min NH3
. 
(40 
±18)% 
(n=5) 
(44 
±21)% 
(n=5) 
(16 
±7)% 
(n=5) 
20 mL/min He, (42 (59 (24 
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~20 mL/min NH3
. ±27)% 
(n=5) 
±18)%       
(n=5) 
±17)% 
(n=5) 
20 mL/min He, 
30 - 40 mL/min 
NH3
. 
(74±7)
% 
(n=11) 
(50 
±15)% 
(n=11) 
(40 
±14)% 
(n=11) 
TABLE 1. [11C]CH4 to [
11C]CN– conversion yields. 
[11C]CN– yields and reproducibility were im-
proved when combining the target gas with a 
stream of anhydrous NH3 gas flow with conver-
sion yields reported in the second line of TABLE 1.  
However, these yields remained undesirably 
low, potentially as a result of the 10% H2 carrier 
gas having an adverse effect on the oxidative 
conversion of [11C]CH4 to [
11C]CN–.  To remedy 
this, the irradiated target gas was trapped, 
purged, released in He and combined with NH3 
gas before flowing through the Pt furnace.  Ini-
tial experiments using 99.995% anhydrous NH3 
gas resulted in very poor (<0.1%) [11C]CN– yields 
as a result of nearly quantitative combustion 
forming [11C]CO2.  Installation of a hydride gas 
purifier to reduce O2 and H2O impurities in NH3 
below 12 ppb improved yields for [11C]CH4 in He, 
but did not significantly affect those from 
[11C]CH4 in N2/H2 target gas. 
Flow rates of He and purified NH3 carrying 
[11C]CH4 through the platinum oven were opti-
mized to maximize %CN– yield.  Initial experi-
ments determined that conversion yields were 
highly sensitive to [11C]CH4 carrier gas flow rate, 
with lower flow rates giving higher yields, as 
shown in lines 3 – 5 of TABLE 1.  This result is in 
disagreement with Iwata et al. that report that 
[11C]CN– yield decreases with flow rates below 
100 mL/min [20].  The %CN– yield was also found 
to be dependent on the flow rate of NH3 with 
higher flow resulting in higher yields, shown in 
lines 5 – 7 of TABLE 1.  This trend was observed 
by Iwata et al., but on a significantly different 
scale, where CN– yields plateaued above only 1% 
NH3 concentration by volume.  In the present 
work, the catalytic production of [11C]CN– re-
quired a drastically higher fraction of the carrier 
gas to be NH3.  These notable discrepancies with 
previously published work imply that optimiza-
tion of [11C]CN– production yields is very sensi-
tive to different experimental apparatuses, car-
rier gas compositions, and flow rates.   
Full [11C]IAA synthesis chemistries, including 
preparative HPLC, reconstitution in 50 µL of H2O, 
and analytical HPLC, were performed utilizing 
[11C]CN– produced through a variety of the 
above discussed carrier gas compositions, with 
the majority using ~100 mL/min H2/N2, ~12 
mL/min NH3. The decay-corrected to end-of-
bombardment radiochemical yield for [11C]IAA in 
50 µL H2O was (2.6±1.1)% of the total produced 
11CH4 (n=14), with total synthesis time of 62±5 
minutes.  The subset of experiments utilizing the 
improved [11C]CN– production conditions result-
ing from 20 mL/min He, 30 - 40 mL/min NH3
 
carrier gas compositions showed only slightly 
improved radiochemical yields of (4±2)% (n=3).  
The most significant radiochemical losses were 
during the SPE procedure and in the reconstitu-
tion of the final [11C]IAA product in 50 µL of H2O.  
Representative results from 254 nm absorbance 
detectors and radiation detectors after prepara-
tive and analytical HLPC are shown in FIG. 2 and 
FIG. 3, respectively.  The radioactive impurity 
eluting at 8 minutes from preparative HPLC was 
identified as indole-3-[1-11C]acetamide, the 
incomplete hydrolysis product of [11C]IAN.  The 
only significant cold impurity co-eluting from 
preparative HPLC with [11C]IAA was identified as 
indole-3-carboxylic acid, the hydrolysis product 
of gramine.  Specific activities of [11C]IAA were 
measured to be ~30 MBq/nmol, decay-corrected 
to end-of-bombardment. 
 
FIGURE 2. Relative absorbance and radioactivity 
eluting from preparative HPLC.   
FIGURE 3. Relative absorbance and radioactivity 
eluting from analytical HLPLC.  
This synthesis procedure allowed for the 
production of suitable quantities of [11C]IAA for 
monitoring auxin distribution and transport in 
the model organism rapid-cycling Brassica 
oleracea (rcBo) [58] using a Siemens microPET 
P4 scanner.  In these experiments, 0.7 ─ 10 MBq 
of [11C]IAA was administered as a bolus to the 
severed petiole of rcBo in 3 ─ 10 µL of H2O at the 
start of a 90 minute PET scan.  Transport was 
0
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compared following administration to the first 
true leaf versus the final fully formed leaf in 
plants with and without exposure to the polar 
auxin transport inhibitor naphthylphthalamic 
acid (NPA).  Results of these experiments will be 
reported in a forthcoming manuscript. 
In conclusion, the Pt-catalyzed oxidative 
conversion of [11C]CH4 and NH3 to [
11C]CN– is a 
challenging process to optimize and highly sensi-
tive to carrier gas composition and flow rate.  
Optimization for our experimental conditions 
yielded several results which disagreed with 
previous reports.  [11C]IAA produced using 
[11C]CN– is well suited for PET imaging of polar 
auxin transport in living plants.  
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Introduction  
Recently in our laboratory we needed a reliable 
and relatively simple source of aqueous solu-
tions of [11C]CO2. We examined various methods 
of trapping [11C]CO2 gas both in solution and on 
ion exchange resins, followed by elution into 
aqueous phase. We favor simple methods that 
have high trapping and elution efficiencies and 
produce a highly concentrated solution. Fur-
thermore, we desired methods that would min-
imize the use of hazardous reagents and materi-
als with respect to both handling and disposal. 
We also considered the formulation of the final 
solution in terms of chemical compatibility with 
contacted materials, working with the assump-
tion that dilute bicarbonate or carbonate solu-
tions will have little reactivity with many materi-
als. In a phantom, compatibility with materials 
(i.e. plastics, glues, metals, etc.) is important (1-
4), while in (bio)geochemical studies – where 
transport of carbon is important – the chemical 
form of the radiolabelled molecule is important, 
but compatibility must be determined on a case-
by-case basis (5-7). 
 
Small medical cyclotrons can easily produce 
carbon-11 as gaseous [11C]CO2, and various 
methods are utilized to incorporate carbon-11 
into solution, often with unfavorable resource 
requirements, costs, or chemical properties. 
Commonly [11C]CO2 gas is bubbled through a 
strong base, forming the carbonate anion; but 
neutralizing a strong base (as to avoid special 
handling or disposal requirements) requires a 
large volume of diluent or buffer; or a very pre-
cise addition of acid – which if done improperly 
– may lead to an acidic pH and subsequent loss 
of [11C]CO2 from solution (8,9). Alternatively, 
[11C]CO2 (or [
11C]CH4) can be converted to 
[11C]CH3I at  high-yield, but requires specialized, 
expensive radio-synthesis equipment (10-12). 
[11C]CH3I can then be trapped in DMSO (albeit 
providing a volatile and hazardous solution) or 
used as a synthon en route to water soluble 
compounds such as [11C]choline (13). Finally, 
leftover radiolabelled radiopharmaceuticals 
from a carbon-11 imaging experiment could be 
used, but chemical compatibility (i.e. lipophilici-
ty) of the radiolabelled compound may be of 
concern.  
 
Carbon dioxide gas will dissolve with a solubility 
of 1.5 g/L at STP (9) and slowly react with water 
to generate carbonic acid (H2CO3), a weak acid.  
 
 
 
 
 
Passing [11C]CO2 through a base-activated ion 
exchange cartridge, the [11C]CO2 reacts with 
hydroxide ions to form [11C]carbonate which is 
bound to the resin due to its higher selectivity 
for carbonate than hydroxide (14). Elution with 
excess bicarbonate displaces [11C]carbonate and 
neutralizes any remaining hydroxide, providing a 
11C aqueous solution that is mildly basic, chemi-
cally non-hazardous, and very concentrated.  
 
 
 
 
 
Material and Methods  
[11C]CO2 gas trapping efficiency was evaluated 
for solutions and base-activated ion exchange 
resins. The gas was delivered either rapidly in a 
high-flow bolus directly from the cyclotron tar-
get or slowly in a low-flow helium stream during 
heating of a carbosieves column. Elution effi-
ciency of ion exchange cartridges were evaluat-
ed for both fraction of trapped activity eluted 
and volume of solution needed for elution. 
 
[11C]CO2 was produced via the 
14N(p,α)11C reac-
tion on a CTI RDS111 – 11 MeV cyclotron at the 
Lawrence Berkeley National Laboratory’s Bio-
medical Isotope Facility. The 7 mL target is pres-
surized to 315 psi with 1% O2/N2 gas, equating 
to 150 mL gas at STP. For direct-from-target 
trapping experiments, the target was decom-
pressed and routed to the cartridge via 50 feet 
of 0.020” I.D. tubing until the target falls to at-
mospheric pressure (~55 seconds) providing an 
inhomogeneous flow – a short rapid burst of 
flow followed by a longer low-flow bleed. For 
helium-eluted experiments, the [11C]CO2 was 
unloaded from the cyclotron target and trapped 
164
 on a room-temperature carbosieves column 
(15). Target gases were subsequently flushed 
from the column for 30 seconds with  helium at 
50 mL/min. After heating the column to 125 °C 
without gas flow, [11C]CO2 was eluted off the 
column in helium at 15 mL/min. 
 
[11C]CO2/He was bubbled through 9 aqueous 
and 2 organic solutions to test for trapping effi-
ciency in a slow, steady helium stream at 15 
mL/min (sodium hydroxide (0.96M, 0.096M, 
0.0096M), sodium bicarbonate (1.14M, 0.57M, 
0.057M), sodium carbonate (2.0M, 1.0M, 
0.10M), ethanol, and DMSO (2mL ea.). An Asca-
rite-filled cartridge was attached to trap any 
untrapped [11C]CO2. Measures of radioactivity 
were made using a Capintec CRC-15R dose cali-
brator. Trapping efficiency for solutions is calcu-
lated as the fraction of radioactivity captured in 
solution relative to the sum of the solution and 
the Ascarite trap. 
 
Three different commercially available, ion ex-
change cartridges were evaluated for trapping 
and elution efficiencies. FIGURE 1 shows a photo-
graphic comparison of the physical size and 
shapes of the cartridges as well as a X-ray com-
puted tomography (CT) cross sectional view of 
the internal ion exchange resin volume and dead 
volume of the cartridges.  
 
 
FIGURE 1. Photo and X-Ray of IX Cartridges (L-R, Alltech 
IC-OH, ORTG, Waters QMA) 
 
All cartridges were activated with 1 mL of 1 N 
aqueous NaOH followed by passing 10 mL deion-
ized water then 10 mL of air through the car-
tridge.   
 
In both direct-from-target (n = 4) and helium-
stream experiments (n = 3 or 4), cartridges were 
connected to [11C]CO2 delivery lines via Luer 
connections. The gas exiting the cartridge 
passed through an empty 3 mL crimp-top vial as 
a liquid trap en route to an Ascarite trap on the 
vent needle as described above. Trapping effi-
ciency for cartridges is calculated as the fraction 
of radioactivity captured on the cartridge rela-
tive to the sum of the cartridge, the empty vial, 
and the Ascarite trap. 
 
Cartridges were eluted with 0.5 mL of saturated 
sodium bicarbonate solution (1.14 M @ 20°C) 
followed by 9.5 mL water and 10 mL air. Elution 
efficiency is calculated as the fraction of radioac-
tivity eluted in 10 mL relative to the sum of the 
spent cartridge following elution and the 10 mL 
eluate (Equation 5). The pH of the eluate was 
measured using 0-14 pH test strips. 
 
Results and Conclusion  
The trapping of [11C]CO2 in all solutions was less 
than 70% of the total radioactivity with the ex-
ception of the 0.96 M and 0.096 M NaOH. With 
a higher concentration of base driving equilibri-
um towards carbonate stability, it could be ex-
pected that the most basic solution had the best 
trapping efficiency, but this attribute also means 
it is least desirable solution to work with from a 
hazardous material or chemical compatibility 
perspective.  
 
When [11C]CO2 was delivered in a helium stream, 
all three cartridges performed at near 100% 
efficiency, as shown in FIGURE 4. With higher 
flow, direct-from-target delivery, the cartridges 
trapped [11C]CO2 with a wider range of efficien-
cies: ICOH (99 ± 1 %), ORTG (90 ± 2 %), and QMA 
(79 ± 4 %). Elution resulted in > 99 % release of 
carbon-11 activity for both QMA and ORTG car-
tridges, but only 39 ± 3 % release from the ICOH 
cartridge. Elution efficiency of the trapped radi-
oactivity (Equation 5) was independent of the 
method of [11C]CO2 delivery. Across all cartridges 
and delivery methods, the eluate was at about 
pH = 10. 
 
We recommend that the ORTG cartridge be used 
for trapping of [11C]CO2 gas with elution by > 300 
µL of saturated bicarbonate solution. This rec-
ommendation is based on the better trapping 
for ORTG cartridges compared to the QMA car-
tridges in the direct-from-target [11C]CO2 deliv-
ery method and the smaller volume needed for 
elution of all trapped carbon. This method excels 
based on its simplicity, adaptability to automa-
tion, low-cost ($5/cartridge), and observations 
that a single ORTG cartridge suffers no loss of 
performance after multiple uses. A potential 
disadvantage to this method is that it involves 
using a carbon-containing eluent, which means 
that this method cannot be used for imaging 
experiments that require high specific activity. 
However, considering the eluate is a mildly basic 
aqueous solution, we expect that it will be com-
patible with a wide variety of materials and 
experimental applications. 
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Introduction 
At WTTC 14 we presented data on the target 
yields of our GE PETtrace C-11 HP target in com-
parison to the target yields we had been getting 
on the MC17 prior to its decommissioning1. 
Discussion with other attendees alerted us to 
the fact that the target may be too “thin”, allow-
ing the beam to spread out and interact with the 
walls, which could result in a lower target yield. 
Additionally, a GE service engineer indicated 
that we could be striking the top of the target 
with some of the beam, due both to target thin-
ning and the “banana” effect from the magnetic 
fringe fields. Experiments were carried out to 
determine the potential magnitude of this effect 
and the efficacy of potential solutions. 
 
Material and Methods 
All experiments were performed on a GE PET-
trace cyclotron. The first set of experiments was 
performed on the C-11 HP target in its natural 
mounting state (no aids). The change is gas pres-
sure as a function of beam current was meas-
ured, from 5 to 70 microamps for three different 
gas fill pressures: 210, 230 and 250 PSI. The 
second set of experiments was performed after 
mechanically lifting the back end of the target 
with a box, changing the target angle from 23.9 
degrees past horizontal to 25.2 degrees past 
horizontal. While this change in angle does not 
seem drastic, it did pick up all the slack in the 
target mount due the sagging of the target from 
its longer length than other GE targets. The 
change in gas pressure as a function of beam 
current was measured, from 5 to 80 microamps 
for four different gas fill pressures: 190, 210, 230 
and 250 PSI. (Note that the box is a temporary 
solution and the target will sag over time with-
out a more permanent solution for supporting 
the back end of the target.) 
 
Results and Conclusion 
The graphical results of pressure rise as a func-
tion of beam current are shown in FIGURE 1. Note 
that measurements were stopped when the 
pressure approached 470 PSI, based on advice 
from GE engineers. There is some flattening out 
for the 190-PSI data, even with the increase in 
angle as an attempt to counteract the banana 
effect (note that GE’s recommended fill pressure 
is 187 PSI). Increases in the fill pressure helped 
in keeping the target thick, but with the tradeoff 
that less beam can be put onto the target before 
reaching the maximum specified pressure. Final-
ly, using a lifting mechanism to raise the back of 
the target also helped to prevent thinning, as 
seen in the r-squared values for the linear fit, 
shown in TABLE 1. The data presented indicate 
that a shorter target that can withstand higher 
pressures could be beneficial for the PETtrace 
cyclotron, allowing the beam to fully stop before 
striking the walls, be it through target thinning 
or the “banana” effect while still allowing the 
user to run high beam currents. 
 
 
FIGURE 1. Pressure rise as a function of beam current 
for different fill pressures 
 
 
Target fill pressure No box With Box 
190 PSI N/A 0.972 
210 PSI 0.980 0.986 
230 PSI 0.987 0.997 
250 PSI 0.996 0.997 
TABLE 1. R-squared values for linear fit to pressure vs. 
beam current data. 
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Introduction  
[11C]choline is a very effective PET radiopharma-
ceutical for the study of prostate cancer. To 
support the increasing demand for [11C]choline, 
several different synthetic approaches have 
been described in the literature, including dif-
ferent automated production methods using 
remote-controlled synthesis modules [1–4]. The 
most popular method uses a C18 Sep-Pak as 
solid support for methylation and, subsequently, 
a CM Sep-Pak for purification [2]. We report an 
optimized method for producing [11C]choline 
using only one CM Sep-Pak for both reaction and 
purification as was shown in the literature [4]. 
For synthesis of [11C]choline we used two mod-
ules Tracerlab FXC for preparation of methyla-
tion reagent [11C]CH3I and GPF-101 for 
[11C]choline synthesis.  
 
Material and Methods  
TracerlabFXC GE, GPF-101 Veenstra Instrument, 
2-(dimethylamino)-ethanol (DMAE) ABX, Sep-
Pak Light Accell Plus CM cation-exchange car-
tridges Waters used without conditioning, pre-
cursor 50 µL of DMAE dissolved in 25 µL of etha-
nol and loaded on a CM Sep-Pak. Schematic 
diagram of the automated system for the pro-
duction of [11C]choline is given below. [11C]CH4 
was produced in two standard Nitra target IBA 
irradiation of mixture 90 % N2/10 % H2 with 15 
MeV protons using dual beam. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Results and Conclusion  
[11C]CH4 was prepared in the targets and con-
nected with Tracerlab FXC. [
11C]CH3I was pre-
pared in a loop in which allowed to react of 
elemental iodine at a temperature 720 oC. Con-
version to [11C]CH3I usually is around 50% uncor-
rected activity. Activity is within the range 15–18 
GBq of [11C]CH3I and time of production 10 min. 
Synthesis of [11C]choline is based on the reaction 
DMAE with [11C]CH3I on a Accell Plus CM cation-
exchange column which serves both as a sup-
port for reaction and for separation of choline 
from DMAE by ethanol washing. The basic pa-
rameters are shown in TABLE 1. 
 
Beam current 2X   20 µA 
Irradiation time    30 min 
DMAE     50 µl 
Synthesis time from EOB   25 min 
Absolute yield without correction 6.6 GBq 
Radiochemical purity   > 99 % 
Residual DMAE in product  < 5 ppm 
Ethanol    < 1000 mg/L 
pH     4.5–8.5 
TABLE 1. Reaction parameters and result of pro-
duction of [11C]choline syntheses 
 
Conclusion 
We have applied a simple synthesis method for 
[11C]choline preparation using automated com-
mercial equipments with one column used both 
for reaction and separation purpose. The main 
advantage of using one column is lower contam-
ination of the product [11C]choline with DMAE. 
When for synthesis of [11C]choline two columns 
C18 for synthesis and CM for separation is used, 
higher contamination of DMAE can be found in 
the product due to a release of DMAE from C18 
column. 
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Introduction 
Solid targets for PET and SPECT radionuclides are 
getting popular. For radiohalogens the limiting 
factor, beside the high cost of enriched target 
material is beam current due to poor heat con-
ductivity of the target material(s). We have  
designed a honeycomb solid target which has 
advantages over the traditional circular hole 
design: 1) Even distribution of target material, 2) 
it takes higher beam current, 3) less target ma-
terial loss during distillation (1) and 4) no “creep-
ing” (surface tension phenomena) of the target 
material during distillation. 
 
Material and Methods 
The target (see fig. 1.) consists of 19 hexagonal 
0,3mm deep openings (see fig.2.) thus having 
84% transparency/transmission, in a 24mm X 
2mm platinum disk. There is a 10mm circular 
cavity on the reverse side giving a 200µm thick-
ness of the platinum. The irradiations were per-
formed on an IBA twin 18/18 Cyclon equipped 
with a Costis sold target system. 
 
 
 
 
Results and Conclusion  
The target was able to take beam current up to 
~35µA (higher BCs have not yet been investigat-
ed); our “traditional” target (10mm circular 
hole) has a limit of ~20µA. This means that the 
effective yield is ~50% higher with the honey-
comb as compared with the “traditional” target 
design. 
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Figure 1. The honeycomb target 
 
Figure 2. The hexagonal aperture 
 
The target material thickness was ~300mg/cm2 
124TeO2 (>99,9% I.E., Isoflex) with 5% w/w Al2O3 
(99.99%,Sigma-Aldrich). The target was irradiat-
ed with 14.8MeV protons (18MeV degraded by 
500µm aluminium). 
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Introduction  
The isochronous cyclotron U-120M was original-
ly designed as an accelerator of light positive 
ions (H+, D+, 3He2+, 4He2+). Due to low efficiency 
of extraction electrostatic deflection system, 
external beams were limited to a few µA. In 
order to increase the extracted proton and deu-
teron beam currents, the cyclotron was convert-
ed in the period 1994–1998 into accelerator of 
negative ions H─, D─ with the goal to employ 
effective extraction by means of the stripping. 
Extracted H+, D+ currents were thus increased by 
one order of magnitude as obvious from the 
TABLE 1. 
 
TABLE 1: Range of ion energies and beam cur-
rents provided by the isochronous cyclotron U-
120M. 
Ion E (MeV) Imax (µA) 
H+ Internal beam 1–37 > 200 
H+ External beam 6–25 3 
H−/H+ External beam 6–37 50–30 
D+ Internal beam 2–20 > 80 
D+ External beam 12–20 3 
D-/D+ External beam 11–20 35–20 
3He2+ Internal beam 3–55 20 
3He+2 External beam 18–52 1 
4He+2 (α) Internal beam 4–40 40 
4He+2 (α) External beam 24–38 3 
 
In order to use full particle energy ranges and 
high intensive internal ion beams of H+, D+, and 
particularly of 4He2+ and rarely available 3He2+, 
the new internal high power rotating target 
holder for irradiation of solid nonmagnetic tar-
gets was designed and constructed. Besides 
replacing the original integral cyclotron probe, 
the new target holder is intended for irradiation 
of various type of internal targets and routine 
internal beam diagnostics. 
 
Material and Methods. 
The target station consists of the main duralu-
minium frame with electric drivers, high effec-
tive water cooling system and pneumatic arm 
for automated removing of irradiated targets (cf. 
FIG 1.). The construction enables to position 
target vertically ± 10 mm around the cyclotron 
median plane with an accuracy of ± 0.1 mm. 
Besides the revolving (typically 60 rev/min), the 
target angle ± 15° (± 0.2°) with respect to the 
median plane can be set up. The radial target 
position can be changed in the range from 50 to 
600 mm. 
 
 
FIGURE 1. Picture of the target station 
 
Great attention was paid to the design and con-
struction of the spherical shape of the revolving 
target (cf. FIG. 2). 
 
 
FIGURE 2. Picture of the revolving target with the visi-
ble beam spot 
 
Final solution was based on the beam simula-
tions with the code developed in our depart-
ment. The performed simulations agree very 
well with the measured activation of the target 
holder, as obvious from the FIG. 3. 
 
 
FIGURE 3. Simulation of particles hitting the revolving 
target and autoradiogram of the irradiated target 
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Results and Conclusion  
The new target station for irradiation of rotating 
solid target was designed and successfully com-
missioned. Up to now, the maximum tested 
beam power dissipated on the copper target 
holder was 1.5 kW. Further tests with high cur-
rent beams are under way. 
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Introduction 
A widely distributed commercially available 
target station for the irradiation of solid targets 
is the COSTIS system. The system is specified for 
beams up to 500 W and is equipped with a front 
side He-cooling and water cooling on the back 
side. The target itself has a coin shape with a 
diameter of 24 mm and thickness of 2 mm.  
 
FIGURE 1. COSTIS target system. 
 
This recommends the system for irradiation of 
thin targets like foils but it is also useable for 
irradiation of metal and oxide powders. Howev-
er the irradiation of powders and granulates is 
limited due to the dimension of the target cap-
sule. A setup of a capped closed target is hardly 
achievable. The purpose of this work was the 
modification of the COSTIS target station for the 
use of thicker target capsules. This shall enable 
the more easy and safe handling and irradiation 
of powdery targets and the use of lockable tar-
get capsules.  
 
Material and Methods 
The adaption of the COSTIS system for wider 
targets is easy and fast achievable by the ex-
change of the target guiding plate together with 
the four distance bolts and their bearings.  
 
FIGURE 2. Sectional view of the COSTIS target station 
(red arrow: indicates modified target guiding plate 
(gray); green: modified distance bolts; orange: target 
capsule). 
 
The effort of the replacement of the standard 
with the modified parts is comparable with 
COSTIS maintenance including exchange of the 
window foil and the O-rings.  
 
For the target capsule itself different designs 
were developed and tested. Now various target 
capsules are available, depending on required 
energy, handling needs and properties of the 
target material. Different locking systems can be 
used, from “click” capsules to screwable sys-
tems. Additionally the tightness of the target 
capsule can be achieved by placement of on O-
ring between the lid and capsule body. 
 
 
FIGURE 3. Designs and sectional views of the modified 
target capsules. 
 
Results and Conclusion 
The wider target body allows the capping of the 
target material. This enables a wide range of 
applications. One aspect is the nanoparticle 
research, where radiolabelling is an excellent 
tool for in situ online investigations. The chosen 
design of the target capsule allowed the direct 
activation of TiO2 nanoparticles. Via the nuclear 
reaction 48Ti(p,n)48V radiolabelled [48V]TiO2 na-
noparticles can be obtained. Another example is 
the use of recoil effects for radiolabelling of 
nanoparticles. In this case the kinetic energy of 
the product of the nuclear reaction 7Li(p,n)7Be is 
used to implant a radioactive tracer in different 
nanomaterials like Ag0 – nanoparticles and 
MWCNT (multi wall carbon nano tubes). 
 
In general the irradiation of powders and granu-
lates benefits from the modified design that 
allows the more flexible adaption to experi-
mental needs. 
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Introduction 
Alternative methods for producing the medical 
imaging isotope 99mTc are actively being devel-
oped around the world in anticipation of the 
imminent shutdown of the National Research 
Universal (NRU) reactor in Chalk River, Ontario, 
Canada and the high flux reactor (HFR) in Petten, 
Holland. Currently, these reactors produce up to 
80% of the world supply through fission. The 
most promising alternative methods involve 
accelerators that focus Bremsstrahlung radiation 
or protons on metallic targets comprised of 
100Mo and a supporting material used to conduct 
heat away during irradiation. After irradiation, 
the targets must be processed quickly to sepa-
rate and purify the 99mTc. This paper describes a 
new approach for manufacturing targets for the 
(p,2n) nuclear reaction on 100Mo  and the foun-
dation for the subsequent commercial separa-
tion and purification of the 99mTc produced.  This 
approach provides a direct route for radiophar-
maceutical synthesis of 99mTc that can be incor-
porated into routine production in regional nu-
clear medicine facilities possessing medical cy-
clotrons. 
The targets used to produce 99mTc are subject 
to a number of operational constraints. They 
must withstand the temperatures generated by 
high-power irradiation and be fashioned to ac-
commodate temperature gradients from in situ 
cooling. The targets must be maintained below 
the volatilization temperatures of any molyb-
denum trioxide (MoO3) or technetium oxides 
that may be generated because of oxygen in-
gress during the irradiation. The targets must be 
resilient, which means they cannot disintegrate 
during irradiation or post-processing, because of 
the radioactive nature of the products. Yet, the 
targets must be easily post-processed to sepa-
rate the 99mTc. In addition, the method used to 
manufacture the targets must be reliable and 
reproducible and not wasteful of the 100Mo, 
because of its cost (~$2/mg).  Any manufactur-
ing process should be able to function remotely 
in a shielded facility to accommodate the possi-
bility of radioactive recycled target feedstock.   
The preferred supporting material for the 
targets is copper because of its high thermal 
conductivity and ease of machining. The chal-
lenge with metallic supports in general, and a 
copper support in particular, has been attaching 
the molybdenum in a reliable and reproducible 
way to produce targets that can meet the opera-
tion constraints.    
There are a number of methods that have 
been proposed for large-scale target manufac-
turing including electrophoresis deposition, 
pressing and sintering, electroplating and carbu-
rization [1]. Developing methods for routine 
production of targets is an active area of indus-
trial research [2, 3]. From the industrial perspec-
tive, plasma spraying showed promising results 
initially, but the process became very expensive 
requiring customized equipment in order to 
reduce losses because of overspray, which ne-
cessitated a large inventory of expensive feed-
stock [4].  
The choice of support material constrains the 
post-irradiation processing to purify the 99mTc.  
Generally, the large amount of supporting metal 
complicates the chemical processes used to 
recover the small amount of 99mTc produced.   
After irradiation, the 99mTc must ultimately 
be recovered as sodium pertechentate 
(Na99mTcO4) to fit with the current commercial 
radiopharmaceutical supply chain. This is most 
often accomplished by a series of separations 
based on differences in physical and chemical 
properties of the components. As an example, 
molybdenum and technetium have been sepa-
rated by their different sublimation tempera-
tures [5, 6, 7], and dry distillation has been used 
to separate 99mTc from neutron-irradiated MoO3 
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[8]. The latter process was used to develop a 
Mo/Tc generator for MoO3 targets irradiated 
with linear accelerators [8]. Dry distillation has 
become a standard procedure for separation of 
radioiodine from tellurium targets [9]. 
This paper describes the experimental valida-
tion of an industrial process for production of 
targets composed of a Mo layer and a copper 
support, and shows how the targets can be 
chemically processed post-irradiation to sepa-
rate 99mTc from 100Mo.  
 
Material and Methods 
Target manufacturing 
Solid targets were manufactured by pressing 
molybdenum powder into copper (C10100, 
99.997%, Thysenkrupp Materials, Finland) with 
forces sufficient to cause the powder to coalesce 
into metal layers with >95% theoretical density.  
The shape of the Mo layer was determined by 
the geometry of the pressing die. An illustration 
of the components used to press molybdenum 
targets is shown in FIG.1.  
 
 
 
 
 
 
FIGURE 1. Assembly drawing of the pressing 
apparatus 
 
Circular targets were manufactured with 
natural molybdenum (natMo, 99.9%, 3-5μm, 
Alpha Aesar, USA) to test basic production pa-
rameters influencing reliability during irradiation 
and post-processing, including layer thickness 
and pressing pressures. Circular 100Mo targets 
(99.03%, ISOFLEX, USA) were manufactured by 
pressing 200 mg of 100Mo with a force of 350 kN 
into the central area (10 mm diameter) of a 
copper disk of diameter 24 mm and thickness 
1.6 mm. The targets were irradiated with a cy-
clotron proton beam: normal incidence, 15 MeV 
at 50 μA. The backs of the targets were cooled 
with water flowing at 8 L/min.  
 Elliptical targets designed for large-scale 
production at high currents were made using the 
same manufacturing process, except the die was 
elliptical and the applied force was 400 kN.  
Chemical processing 
After irradiation, the targets were placed in a 
quartz tube (CanSci, Canada) (FIG. 2) that is 
similar to the tube used by Fonslet for the sepa-
ration of radioiodine from TeO2 targets [9].  
 
FIGURE 2. Drawing of the quartz tube designed 
to hold a 55 mm x 20 mm target.  
 
The left end of the tube was connected to an 
oxygen supply flowing at 10 mL/min. The other 
end of the tube was partially sealed with quartz 
wool, but otherwise it was open to the atmos-
phere. The quartz tube was placed inside a hori-
zontal tube furnace (model 55035A, Lindberg) 
and the first 23 cm heated to 850⁰C. The result 
was a temperature gradient along the tube from 
850⁰C at the inlet to room temperature at the 
outlet.  
The method used to separate and purify 
technetium relies at this stage on the different 
vapour pressures of Tc oxides and MoO3 formed 
in the presence of oxygen at these elevated 
temperatures. Tc is oxidized to its anhydride 
ditechnetium heptoxide (Tc2O7, b.p. 319⁰C; m.p. 
110.9⁰C): 
4Tc + 7O2 →2Tc2O7 
Under these conditions, Mo is completely oxi-
dized to MoO3, which sublimes at 750⁰C. The 
flowing oxygen oxidizes the Mo and Tc and car-
ries the oxides to cooler regions of the quartz 
tube as described by Tachimory [7]. 
To simulate the separation process, a solu-
tion containing 70 MBq of 99mTc (Cardinal 
Health, Canada) as sodium pertechnetate 
(Na99mTcO4, >99% radiochemical purity) was 
placed on a Cu/Mo target and evaporated to 
dryness with a hot plate. The ‘spiked’ target was 
then introduced into the quartz tube. 
The location of 99mTc along the length of the 
quartz tube was determined with a Geiger-
Muller (GM) tube coupled to a computer con-
trolled linear actuator (Velmex Unislide), which 
was used to measure radioactivity every 2 cm, as 
shown in FIG. 3. The quartz tube was positioned 
25 mm from the collimator of the GM.   
 
FIGURE 3. Apparatus used to measure activity 
with a Geiger Muller (GM) tube along the length 
of the quartz tube (QT) after Mo/Tc separation.  
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Subsequent experiments included a chemical 
pre-processing step to mitigate the chemical 
contamination from the relatively excessive 
copper. In these experiments, the target (191 
mg natMo) was partially dissolved with 8 mL of 
30% H2O2, which was then transferred to a ce-
ramic boat where it was mixed with 70 MBq of 
Na99mTcO4 (Cardinal Health, Canada) and evapo-
rated to dryness. The ceramic boat and its con-
tents were placed in the quartz tube, which was 
heated and exposed to flowing oxygen as de-
scribed above and, in a similar way, the Tc activi-
ty was determined along the length of the tube.  
 
99mTc produced by irradiation of circular 
100Mo targets using a proton beam 
Experiments were performed in which Tc 
was generated in situ by irradiating circular tar-
gets containing 100Mo deposited on a copper 
support. The targets were irradiated for 1 hour 
with a proton beam of 15 MeV and 50 µA. The 
irradiated target was partially dissolved with 
30% H2O2 and this ‘raw’ solution transferred to a 
quartz tube (5 cm diameter, 70 cm length) heat-
ed to 850⁰C in a tube furnace (STF 1200 Across 
International, USA). Oxygen flowed down the 
quartz tube at 40 mL/min for 30 min after which 
the quartz tube was allowed to cool before its 
length was scanned for 99mTc and 99Mo with 
Radio Thin Layer Chromatography (RadioTLC) 
(Raytest, Germany). ‘Purified’ Na99mTcO4 was 
recovered by washing the section of the quartz 
tube showing highest levels of 99mTc with 1 M 
NaOH solution.   
The isotopic compositions of the raw and pu-
rified solutions obtained after irradiation and 
processing of the target were determined from 
their gamma spectra measured with a High Puri-
ty Germanium detector (HPGe, Canberra) cali-
brated with a standard 152Eu source. Point 
sources were prepared by spotting 37 MBq of 
solution in the center of a paper disk (Whatman 
3 MM, diameter 25 mm). The radioactive point 
sources were positioned 43 cm from the detec-
tor and spectra acquired for 100 s to 300 s.  
The Na99mTcO4 solution was assessed for ra-
diochemical and chemical purity. The radio-
chemical purity of the purified Na99mTcO4 solu-
tion was assessed with RadioTLC using silica-
impregnated fibreglass strips (2 cm x 100 cm 
iTLC-SG, Merck) as the stationary phase and 
acetone as the mobile phase. The presence of 
Mo in the Na99mTcO4 solution was determined 
with a colourimetric strip test (EM-Quant Mo 
test kit, Millipore). The presence of copper was 
determined qualitatively by adding a few drops 
of concentrated NH4OH solution and checking 
for the formation of blue [Cu(H2O)2(NH3)4](OH)2 
(Schweitzer reagent).  
Results and Discussion  
Figure 4 shows a circular target before and after 
irradiation.   
 
FIGURE 4. Circular 100Mo target before (left) and 
after (right) irradiation for 1 h with 15 MeV pro-
tons at 50 µA  
 
Before irradiation the targets were subjected 
to mechanical shock tests and thermal gradients 
with no observable effect. 
After irradiation, 6.6 GBq (End of Bombard-
ment (EOB) decay corrected) was measured at 
140 KeV, which is characteristic of 99mTc. After 
irradiation there was no indication of any degra-
dation of the target.  
Elliptical targets suitable for high-volume 
production of 99mTc with high-power cyclotrons 
were manufactured (FIG 5). These targets are 
intended for irradiation in a general-purpose 
target holder designed to be attached to all 
makes of cyclotrons found in regional nuclear 
medicine facilities.  The holder orients the target 
so that the proton beam angle of incidence is 
75°. Figure 5 shows that the molybdenum on the 
front face in the center of the target is in the 
form of an ellipse (39 mm x 10 mm). During 
irradiation, the short axis of the ellipse will be at 
right angles to the beam; the projection of the 
molybdenum target on a plane perpendicular to 
the beam matches the circular Gaussian beam 
profile. The elliptical shape reduces the heat flux 
associated with high current sources. The mo-
lybdenum in the center of the elliptical target is 
fully dense with thickness 60 µm determined 
from SEM cross-sections. On the back of the 
target are cooling channels (FIG. 5).  
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FIGURE 5. The top picture shows the front face 
of an elliptical Mo target. The bottom picture is 
of the back face showing the cooling channels.  
 
The elliptical targets were designed for high-
volume production of 99mTc with 15 MeV pro-
tons at 400 µA, 15% beam collimation, and cool-
ing water flowing behind at 10 L/min [4]. A 
thermal simulation of expected temperatures 
during irradiation is shown in FIG. 6. The center 
of the target is expected to reach 260oC, which is 
below the temperatures at which any oxides 
inadvertently generated in situ could volatilize 
and contaminate the target holder and cyclo-
tron. 
 
FIGURE 6. Simulation of the target temperature 
during proton irradiation: 15 MeV, 400 µA, cool-
ing water flowing on the back side at 10L/min. 
 
Like the circular targets, the elliptical targets 
were readily produced with minimal loss of mo-
lybdenum and were able to withstand mechani-
cal shock and thermal gradients. 
Chemical processing  
The reaction of the target with oxygen at elevat-
ed temperature apparently results in mixed 
oxides of Cu, Mo and Tc. The oxidation of Cu 
involves two phases: partial oxidation forms 
Cu2O (red) and total oxidation produces CuO 
(black) [10]. The formation of these two oxides is 
likely accompanied by the formation of mixed 
oxides including Mo and Tc, which would inter-
fere with the formation of Tc207 and, thus, con-
found the separation process, which is opti-
mized to condense Tc207 in the cooler regions of 
the quartz tube.  
Figure 7 shows the state of the copper sup-
port after reaction with oxygen at elevated tem-
perature. At least 60% of the radioactivity was 
found at the target insertion point or on the 
target, probably as Cu(TcO4)2 embedded in 
Cu2O.  
 
FIGURE 7. Copper target support after reaction 
with oxygen at 850⁰C following irradiation with 
15 MeV protons at 50 µA. The black material 
flaked off of the copper support after oxidation; 
it is most likely CuO.   
 
Other copper reaction products can compli-
cate recycling of the non-transformed 100Mo.  
CuO and MoO3 can react to form CuMoO4, which 
is a yellow-green crystal at 500-700⁰C [11].  
The deleterious effect of copper on the 
thermal separation process can be appreciated 
when it is performed with reduced amounts of 
copper. When a pressed Mo pellet containing 
5% Cu and 70 MBq of 99mTc was processed, 90% 
of the activity was recovered from the coolest 
part of the quartz tube. MoO3 was deposited as 
yellow-white needle crystals in the 770⁰C region 
and black CuO was found at the insertion point 
of the quartz tube. When the amount of copper 
was reduced, the Mo/Tc thermal separation 
process produced good results. 
The benefits of eliminating copper suggested 
a two-step oxidation process. In the first step, 
the target was immersed in 30% H2O2 to create 
insoluble copper oxides and soluble Mo perox-
omolybdates, likely diperoxomolybdate [12], 
and soluble HTcO4. The solution was decanted 
leaving the copper, and then evaporated leaving 
the Mo and Tc for further oxidation by oxygen 
gas at elevated temperature as per the thermal 
separation process.   
The thermal separation process carried out 
after evaporation provided separation efficiency 
greater than 85%. MoO3 deposited as yellow 
needle crystals at the appropriate place on the 
quartz tube, while the 99mTc oxide was carried to 
the coolest region of the tube. The 99mTc was 
washed from the tube with 0.1 M NaOH.  Radio-
TLC showed Tc as pertechnetate (TcO4
-) 
(Rf=0.97) and a radiochemical purity of 95%. No 
traces of Cu or Mo were identified in the final 
product. Only a small amount of Cu was con-
verted to CuO during the first oxidation step: 
17.7 ppm of Cu2+ in the peroxide solution was 
detected with Atomic Absorption Spectrometry. 
Thus, the confounding effect of copper was 
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essentially eliminated with the two-step separa-
tion process 
Radionuclides found after irradiation 
The highest cross-sections for production of 
99mTc by the (p, 2n) reaction on 100Mo lie be-
tween 15 MeV and 10 MeV [13]. There are addi-
tional non-productive reactions that result in 
isotopes of Nb, Mo and Tc. The gamma spec-
trum shown in FIG. 8 of the raw solution ob-
tained after dissolving the irradiated target in 
peroxide revealed photo-peaks corresponding to 
99Mo (T1/2=66 h, E=181 keV, 739 keV) and 
96Nb 
(T1/2=23.4 h; E =568 keV, 849 keV; 1091 keV, 
1497 keV and 1200 keV). Photo-peaks corre-
sponding to 62Zn (T1/2=9.1 h, E=596 keV, 548 
KeV, 511 KeV) and 65Zn (T1/2=8.1 h, E=1115 KeV, 
511 KeV) were not detected.  
 
FIGURE 8. Gamma spectrum showing the isotop-
ic composition of the raw solution obtained 
after dissolution of the irradiated target with 
peroxide  (24 h EOB)  
 
The molybdenum (Mo) and niobium (Nb) iso-
topes found in the raw solution were removed 
during the thermal separation process. After 30 
min, MoO3 was seen to deposit on the quartz 
tube walls as a white powder (FIG. 9) whilst 
technetium was recovered from the coolest 
region of the quartz tube in a similar manner to 
the procedure carried out for the experiments 
using Tc-spiked Mo.  
The ceramic boat contained trace amounts 
of black copper oxide, but no activity, which 
indicated complete separation of Tc: radioactivi-
ty recovery was greater than 70% of the initial 
value.  
 
 
FIGURE 9. Radioactivity along the length of the 
quartz tube showing the physical separation of 
activated Mo and Tc isotopes. The arrow indi-
cates the scanning direction from the cold outlet 
end of the quartz tube towards the sample in-
sertion point. Any radioactivity in the other 
regions of the tube was below the detection 
limit.  
 
Gamma spectrometry performed 8 h post-EOB 
on a sample of the purified solution containing 
37 MBq indicated only the presence of techneti-
um isotopes (FIG. 10). 
 
FIGURE 10. Gamma spectrum showing only Tc 
isotopes in the purified solution (8 h EOB).  
 
Automated process for separation of Tc from 
irradiated Mo targets 
The separation procedure described above is 
the foundation for an automated method for 
producing 99mTc in nuclear medicine imaging 
facilities. Automation reduces dose to operating 
personnel by eliminating manual handling of 
radioactive material. The method can be auto-
mated with three main components: a target 
dissolution unit, a thermal separation unit and a 
pharmaceutical purification unit (pharma unit).  
After irradiation the target is transferred 
from the target holder pneumatically via a carri-
er ‘rabbit’ to the dissolution vessel within the 
dissolution unit (FIG. 11) where 30% H202 is add-
ed; dissolution takes 5-10 min.   
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FIGURE 11. Target dissolution unit 
 
The solution is then transferred to the quartz 
reaction vial in the thermal separation unit by 
suction through a port located on the top of the 
dissolution vessel. After completing the transfer, 
the water is evaporated in vacuum and collected 
in a waste collection vessel. The reaction vial is 
also connected to an oxygen gas line and a col-
lection vial (FIG. 12). 
 
 
 
 
FIGURE 12. Flow diagram for automated separa-
tion of Tc from irradiated Mo targets (top). An 
expanded view of the thermal separation unit is 
shown in the lower diagram.   
 
Oxygen is added to the reaction vial, which is 
enclosed within an insulated oven that is then 
raised to 850⁰C.  This results in the production of 
Tc2O7. The reaction vial is equipped with a fun-
nel to direct the Tc2O7 to the inlet of the collec-
tion vial, which is maintained at a temperature 
above the volatilization temperature of Tc2O7 
(310⁰C) to facilitate vapour transfer along the 
path. A small volume of dilute NaOH added to 
the collection vial forms sodium pertechnetate: 
Tc2O7 + 2NaOH →2NaTcO4 + H2O 
The sodium pertechnetate solution is subse-
quently transferred by suction to the pharma 
unit where it is loaded onto a small Alumina-N 
cartridge from which the purified product is 
eluted using saline solution.  
The movement of the 99mTc can be followed 
with radioactivity detectors (RD) placed at stra-
tegic points in the thermal separation and 
pharma units. At the end of the process, 
100MoO3 will be recovered as Na2
100MoO4 for 
recycling by washing the reaction vial with a 
solution of NaOH which is transferred to the Mo 
recovery vial. The system is fully automated 
through customized software for complete re-
mote operation. The system is designed to fit in 
standard isotope production hot cells found in 
nuclear medicine imaging facilities. 
 
Concluding Remarks 
An industrial process is being developed and 
tested for production of 99mTc from molyb-
denum targets irradiated with protons from 
cyclotrons available to nuclear medicine imaging 
facilities. The targets were manufacturing by 
pressing Mo powder into thin metallic layers 
embedded into solid copper supports. No fur-
ther processing of the targets was required to 
ensure the Mo layers remained attached to the 
copper substrate. The density of the Mo layers 
approached 100%. The targets were resilient.  
Before irradiation the targets were subjected to 
mechanical shock tests and thermal gradients 
with no observable effect. After irradiation there 
was no indication of any degradation. Twenty 
targets per hour could be reliably and consist-
ently produced within design specifications with 
a molybdenum loss of less than 2%. In addition, 
post-processing after irradiation for 5 h with 15 
MeV protons was shown to produce 99mTc.  Ellip-
tical targets suitable for high-volume production 
of 99mTc with high-power cyclotrons have also 
been manufactured using the same process. Like 
the circular targets, the elliptical targets were 
readily produced with minimal losses and with-
stood mechanical shock and thermal gradients. 
The elliptical targets were designed to withstand 
6 kW generated by 15 MeV protons at 400 µA. 
Thus, the targets have been shown to meet the 
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required operation constraints for the intended 
industrial application.   
Direct oxidation of irradiated targets was ini-
tially done in flowing oxygen at high tempera-
ture, however, this resulted in high levels of 
copper confounding the subsequent thermal 
separation. The copper was hypothesized to 
have formed chemical species with the Mo and 
Tc, such as CuMoO4 and Cu(TcO4)2/CuTcO4, 
which were not suited to the thermal separation 
designed to isolate Tc as Tc2O7.  
The confounding effect of copper was over-
come with a two-step oxidation process in which 
the irradiated target was first treated with a 
solution of hydrogen peroxide. The Mo and Tc 
are soluble in the peroxide solution, but the 
copper is not.  The peroxide solution containing 
the Mo and Tc was then evaporated leaving the 
Mo and Tc for further oxidation by flowing oxy-
gen at high temperature. This two-step oxida-
tion process essentially eliminated Cu from the 
final products. Washing with NaOH at the end of 
the process resulted in 99mTc as Na99mTcO4, with 
recovery of radioactivity greater than 70%.  
Radioactivity of 6.6 GBq was detected follow-
ing the irradiation of a 100Mo target with 15 MeV 
protons at 50 µA for 1 hour. The gamma spec-
troscopy performed on the raw solution ob-
tained after dissolution revealed the presence of 
Tc isotopes together with 99Mo and 96Nb.  No 
traces of Zn isotopes or Cu were detected in the 
purified product.  Gamma spectroscopy showed 
that the final product, Na99mTcO4, contained only 
Tc isotopes.  The process described in this paper 
can be automated with modules that easily fit in 
standard production hot cells found in nuclear 
medicine facilities.  
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Introduction 
The established methods for the production of 
99Mo, based on fission in nuclear reactors, con-
tinue to present problems as a result of the 
plants aging and the significant investments 
needed for maintenance or renewal. 
Much research work is thus in progress on 
the study of alternative methods for the direct 
production of 99mTc in quantities and with the 
degree of purity required for clinical use. Be-
tween them, the cyclotron production of 99mTc 
via the 100Mo(p,2n)99mTc reaction has turned out 
as the most attractive alternative and could be 
feasible in several PET centers equipped with a 
cyclotron.  
One critical aspect regarding the production 
of 99mTc with cyclotron is the need for a robust 
and reliable target production process. Several 
techniques have been indicated as extremely 
promising such has plasma spray and laser clad-
ding; however these methods require special-
ized instrumentation and complex operations to 
be performed handling activated materials in 
order to recover irradiated 100Mo.  
In this work we report the development of 
the work done at the University of Bologna, as a 
part of a wider INFN project, as regards the 
methods of preparation of solid targets of 100Mo 
suitable for the production of 99mTc in a biomed-
ical cyclotron normally operated for the produc-
tion of PET radionuclides.  
 
Material and Methods  
Irradiations were performed with a GE PETtrace 
cyclotron equipped with a solid target station 
previously developed by our group and fully 
operational at our institution (1).  
In the irradiation line a 16.5 MeV elliptically 
shaped proton beam, having the FWHM of the 
major and minor axis of 8 and 6 mm respective-
ly, is degraded by a 25 μm thick Havar foil before 
entering the target, placed in the central cavity 
(∅ = 13 mm) of a backing disk (∅ = 32 mm). Ac-
cording to the design of the solid target station, 
different combinations of target and backing 
materials and thicknesses can be used, provided 
a total thickness (target + backing) not exceed-
ing 2 mm.  
In initial tests, a stack of 1 – 3 100 μm thick 
metallic foils of natMo placed in a Copper back-
ing, were irradiated with protons in the (15.9 ÷ 
9.8) MeV energy range.  
 
FIG. 1 Target assembly in preliminary tests: 100 
μm thick foil of natMo 
Foils were dissolved in a HNO3-HCl solution 
and samples were subjected to high resolution 
gamma-ray spectrometry (Canberra). The HPGe 
detector has a 30% relative efficiency and a 
resolution of 1.8 keV at 1332 keV; the spectrom-
etry system has been calibrated in the range 59–
1836 keV using a multi-radionuclide certified 
reference solution, obtained from an accredited 
Standardization Laboratory (LEA CERCA, France). 
The calibration process has been performed 
according to the IEC 61452 standard (2), using 
Canberra Genie2000 software; a dual logarith-
mic polynomial efficiency curve has been used. 
The total calibration uncertainty amounts to 
about 4–5% at 1 sigma level. The measurement 
campaign lasted several weeks to take into ac-
count the different half-lives of the produced 
radionuclides. Results were extrapolated to a 
highly enriched 100Mo target and compared to 
Monte Carlo simulations previously performed 
(3); FLUKA differential proton fluence distribu-
tion in energy within the target material was 
convolved with cross sections obtained with 
TALYS nuclear code as to calculate the satura-
tion yield. 
In order to investigate a method of prepara-
tion of the target that would make easier the 
recovery of the enriched material and recycling 
for the preparation of a new target, we subse-
quently studied the production of pellets of 
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Molybdenum trioxide. natMoO3 powder (Sigma 
Aldrich, 99.9% trace metals basis, particle size 
<150 μm) and 99.01% enriched 100MoO3 powder 
(Isoflex) were mixed with organic binders (Sigma 
Aldrich, impurities ≤ 0.7%) and placed in a 13 
mm die set (Chromatographie-Handel GmbH, 
Berlin, Germany) to prepare pellets using a 10 
ton press.  
Pellets obtained in this way were then sin-
tered on a Platinum support using a CARBOLITE 
furnace (type: GHA 12/300; maximum tempera-
ture: 1200°C) under a controlled atmosphere in 
order to remove the organic binder and improve 
the strength of the target; the temperature was 
ramped according to a controlled and reproduc-
ible temperature cycle (4). Sintered pellets were 
weighted to assess the effective removal of the 
organic binder and subjected to visual inspection 
and mechanical tests of resistance to loading 
and downloading at the cyclotron target station. 
natMoO3 pellets were subjected to thermal 
tests through irradiations at increasing current 
up to 35 μA. A 25 μm thick Havar annulus was 
added in the target assembly to keep the target 
in place during irradiation. This geometry al-
lowed an almost complete direct cooling on the 
front, while the back of the target was indirectly 
cooled through the Copper backing and the rear 
part of the solid target station. 
 
FIG. 2 Target assembly for irradiation of 
MoO3 pellets 
The irradiated targets were again visually in-
spected to check the integrity of the pellets and 
then weighted to assess eventual mass losses. 
An irradiation of 1 min at 10 μA was performed 
both on natMoO3 and 99.01% enriched 
100MoO3 
pellets to assess the saturation yield of 99mTc and 
the amount of impurities. 
The targets were downloaded immediately 
after the end of bombardment (EOB) and the 
pellets were dissolved in 1 ml of NaOH 6M. 
Samples of the solutions were subjected to 
gamma-ray spectrometry analysis. All activities 
were corrected for decay during counting time, 
decay to EOB, detector efficiency and γ-ray in-
tensity. The activity of 99mTc was calculated con-
sidering the interference of the 140.5 keV peak 
due to the decay of 99Mo and subtracting out 
the indirect production of 99mTc as a result of 
99Mo decay after irradiation. 
The measurement campaign lasted several 
weeks to take into account the different half-
lives of the produced radionuclides and the 
results were compared with Monte Carlo simu-
lations. 
 
Results and Conclusion 
The experimental saturation yield for 99mTc, 
calculated on the basis of the gamma-ray analy-
sis of irradiated metal foils, gave an extrapolated 
yield  of (1.132 ± 0.015) GBq/μA for a 100 μm 
thick 99% enriched 100Mo target. On these ba-
ses, an irradiation of 3 h at 50 μA is expected to 
produce (16.56 ± 0.02) GBq of 99mTc. Experi-
mental values are in agreement with the results 
of Monte Carlo simulations on average within a 
factor of 2. Considering the use of an efficient 
purification system, a radionuclidic purity 
>99.9% 2h after the EOB and a specific activity 
comparable with the actual standards are ex-
pected as achievable. 
     As for the production of pellets, the amount 
of MoO3 was chosen as to have a content of 
Molybdenum equivalent to a 150 μm thick metal 
foil. The thus produced pellet was 1 mm thick 
and had a diameter of 13 mm; it could therefore 
be placed in the central groove of the target 
backing fitting the solid target station installed 
on GE PETtrace cyclotron. Negligible mass losses 
of MoO3 were observed when the pellets were 
sintered. The sintering process allowed to obtain 
pellets having an improved mechanical strength 
capable of withstanding loading and download-
ing operations. 
        
FIG. 3 Pellet of MoO3 on a Platinum backing 
before (A) and after (B) sintering 
Irradiation tests at beam current up to 30 μA 
were performed successfully with no changes in 
mass and mechanical properties of the pellet. At 
35 μA partial fusion was observed. An improve-
ment in the target assembly or cooling system 
could allow to achieve a higher maximum cur-
rent with no damage of the target. 
        
FIG. 4 Pellet of MoO3 after irradiation at 30 μA. 
(a) Front and (b) rear part of the pellet  
a b 
a b 
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The experimental saturation yield for 99mTc, 
calculated on the basis of the gamma-ray analy-
sis of irradiated pellet of natMoO3 and 99.01% 
enriched 100MoO3, is displayed in TABLE 1 along 
with the results of Monte Carlo simulations; the 
agreement with the results of irradiations can be 
considered satisfactory. 
 
 Ysat (GBq/μA) 
natMoO3 pellet 
experimental values (0.14 ± 0.07) 
natMoO3 pellet 
Monte Carlo simulation (0.115761 ± 0.000002) 
100MoO3 pellet 
experimental values (1.32 ± 0.08) 
TABLE 1. Saturation yield of 99mTc using MoO3 
pellets. 
On these bases, an irradiation of 6 h at              
30 μA is expected to produce (19.8 ± 1.1) GBq of 
99mTc. Spectra acquired soon after EOB showed 
the presence of the short-lived  96mTc and 101Tc, 
along with other isotopic impurities. The princi-
pal non isotopic impurities detected were 99Mo 
and 97Nb. Considering the use of an efficient 
purification system, a radionuclidic purity >99% 
2h after the EOB and a specific activity compa-
rable with the actual standards are expected as 
achievable. 
These encouraging results suggest that sin-
tered pellets may be a relatively inexpensive and 
easy solution to prepare 100Mo targets for the 
cyclotron production of 99mTc. Their ease of 
production allows to prepare targets in the same 
Nuclear Medicine department with no need of 
complex and bulky equipment. 
The amount of 99mTc thus produced is rela-
tively relevant; it can contribute significantly to 
the workload of a nuclear medicine department, 
especially in case of 99Mo shortage, and even 
fulfill the demand of a small center. Moreover 
the achievable radionuclidic purity is not far 
from actual standards relative to generator pro-
duced 99mTc.  
These results have however been obtained 
from a limited number of experiments and need 
further confirmation. 
At the same time, a prototype automated 
module based on standard industrial compo-
nents is in testing phase as regards performance 
in the separation and purification processes as a 
part of a wider INFN project.  
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Introduction 
Technetium-99m, the daughter of 99Mo is the 
most commonly used radioisotope in nuclear 
medicine [1–2]. Current global crisis of 99Mo 
supply, aging of nuclear reactors and staggering 
costs force the search for alternative sources of 
99mTc. Radioisotope Centre POLATOM joined the 
IAEA Coordinated Research Project on “Acceler-
ator-based Alternatives to Non-HEU Production 
of 99Mo/99mTc”. The planned outcome of this 
project is development of 99mTc production 
method using the reaction of 100Mo(p,2n)99mTc 
[3] in Polish cyclotron.  
This work presents the results concerning prepa-
ration of 100Mo target for irradiation with pro-
tons. 
 
Material and Methods  
The manufacturing of Mo target was performed 
using pressing of molybdenum powder into 
pellets and its sintering in hydrogen atmosphere 
at 1600 oC [4]. For this purpose a tantalum and 
stainless steel plates were used as support. Sev-
eral pellets using molybdenum powder with 
particles size of 2 µm in diameter were pressed 
at different values of pressure. 
 
Results and Conclusion  
The optimized parameters of pressing molyb-
denum pellets with various sizes are given in 
TABLE 1. It was found that the pellets did not 
adhere neither to the tantalum nor stainless 
steel plates but they conducted electricity very 
well. Pellets prepared with higher pressure were 
more mechanically resistant, however applica-
tion, even the highest used pressure did not 
ensure its satisfactory stability.  
 
diameter 
(mm) 
thickness 
(mm) 
mass of Mo 
powder (mg) 
pressure 
(MPa) 
10 
12 
15 
15 
15 
0.45 
0.46 
0.58 
0,65 
0,63 
170 
245 
600 
736 
730 
4 
4 
15 
28 
28 
TABLE 1. Parameters of Mo pellets pressing 
 
In order to improve mechanical strength, 
pressed Mo pellets were sintered in hydrogen 
atmosphere at temperature of 1600 °C. As a 
result of this process dimensions of Mo pellets 
decreased: diameter by 13 %, thickness by 12 %, 
weight by 1.5 %, volume by 34 % while density 
increased by 50 %. The changes of these param-
eters are associated with reduction of molyb-
denum oxide and removal of oxygen from in-
termetallic space. It was confirmed by photos of 
microscopic cross section of pellets before and 
after sintering. It was observed, that after sinter-
ing Mo pellets got a metallic form with very high 
hardness and mechanical strength. 
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Introduction 
Few PET isotopes are suitable for antibody label-
ling since immunoPET requires that the PET 
isotope can be attached to the mAb with high in-
vivo stability and the decay half-life of the iso-
tope should match the pharmacokinetics of the 
mAb (1). Both 124I (t½ = 4.2 d) and 
89Zr (t½ = 3.3 d) 
have a near ideal half-life for antibody-based 
imaging, but there are several advantages of 
using 89Zr over 124I. For 124I, the high energy of its 
positrons (2.13MeV), results in a relatively low 
PET image resolution and the possible dehalo-
genation in vivo can lead to significant radioac-
tivity uptake in non-targeted organs. In compari-
son, for 89Zr the low energy of its positron 
(395.5keV), results in a PET images with a higher 
spatial resolution and furthermore, 89Zr is a 
residualizing isotope, which is trapped inside the 
target cell after internalization of the mAb. One 
disadvantage of 89Zr is its abundant high energy 
gamma-ray (909KeV), which may limit the radio-
active dose that can be administered to the 
patients. 
The most popular reaction used to produce 
89Zr is the 89Y(p,n)89Zr nuclear reaction (2,3). A 
proton beam with 14-16MeV energy is used to 
bombard inexpensive high-purity 89Y metal tar-
get (99.9%), avoiding cumbersome recycling of 
the target material.  The yttrium targets could 
be either a foil (4), sputtered onto a copper 
support (5) or Y2O3 pellets (6). 
Although 89Zr is currently commercially avail-
able, its price is prohibitive for routine clinical 
applications of 89Zr immuno-PET. The motivation 
of the present work was the implementation of 
a fully automated production of 89Zr using com-
mercially available automated systems.   
We also describe a newly designed and test-
ed platinum cradle, capable of holding a metallic 
foil and being directly compatible with the IBA 
NIRTA target and IBA Pinctada Metal dissolu-
tion/purification module. 
 
Materials and Methods 
The solid target infrastructure used for 89Zr pro-
duction was identical to the implementation 
reported earlier by S. Poniger et al. (7) for pro-
duction of 64Cu and 124I. The commercially avail-
able Nirta Solid Target from IBA was coupled to 
our 18/9 IBA cyclotron using a 2-meter external 
beam line.  A fully automated pneumatic solid 
target transfer system (STTS) designed by TEMA 
Sinergie was used to deliver the irradiated tar-
gets to a dedicated hotcell. 
A custom target foil holder needed to be de-
signed to allow direct compatibility between the 
IBA Nirta solid target and the IBA Pinctada disso-
lution module, and to allow the irradiated target 
to be directly loaded into the Pinctada dissolu-
tion module without disassembly and still main-
tain high levels of inertness and low metal con-
tamination.  The newly designed platinum cradle 
holding an yttrium foil (0.127mm thick, 8mm∅) 
is shown in figure 1. 
  
 
  
 
FIGURE 1. A: Disassembled Pt target foil cradle, 8mm ∅ 
Y-foil and Pt containment ring.  B: Assembled target 
ready for irradiation.  C: Cross-section of the assem-
bled target showing the tapered internal wall which in 
combination with the oversized Pt containment ring 
helps hold the foil against the Pt target holder for 
contact cooling. 
 
 
The custom designed foil target holder is capa-
ble of holding foils ranging from 0.1mm to 
0.250mm in thickness.   
The yttrium foils purchased from Alfa Aesar 
were 0.127mm and 0.250mm thick with 99.9% 
purity.  Irradiations were performed on single 
0.127mm thick foils, double stacked 0.127mm 
foils (∼0.250mm total thickness) and 0.250mm 
thick foils. The beam energies were 14.9MeV 
and 13.0MeV used with a 90o angle of incidence
A. B. 
C. 
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FIGURE 2. Schematic of IBA Pinctada Metal dissolution/purification module setup for 89Zr production 
 
with He cooling on the Y-foil front face and wa-
ter cooling on the rear of the Pt target holder.  
The irradiated target was then loaded direct-
ly into the IBA Pinctada Metal module (see fig-
ures 2 and 3) for dissolution & purification with-
out disassembly. The clamping mechanism used 
to hold the target during acidic dissolution is 
seen in blue on the right side of the module (fig. 
3). 
 
 
 
 
FIGURE 3.  1st generation IBA Pinctada Metal dissolu-
tion and purification module adapted for 89Zr produc-
tion. 
 
 
We used the dissolution/purification method 
described by Holland et al. (8), without modifica-
tion (purification of 89Zr from 89Y, 88Y and other 
radionuclidic impurities using a hydroxamate 
column, with 89Zr eluted with 1.0M Oxalic acid). 
The hydroximate resin (100mg) was loaded into 
an empty 10mL poly-prep column from Bio-Rad 
and contained between two frits (see figure 4). 
Oxalic acid (puriss p.a. ≥99.0%), Deferox-
amine mesylate salt powder (≥92.5%), 2,3,5,6-
Tetrafluorophenol (97%), N-(3-
Dimethylaminopropyl)-N‘-ethylcarbodiimide 
hydrochloride (≥99.0%), acetonitrile (99.999% 
trace metals basis), Hydrochloric acid (≥37% 
TraceSELECT), hydroxylamine hydrochloride 
(99.999% trace metals basis), sodium hydroxide 
solution 1 M, and hydrogen peroxide solution  
(≥30%, TraceSELECT Ultra) were all purchased 
from Sigma Aldrich. 
 
 
FIGURE 4. Empty 10mL Poly-Prep column from Bio-Rad 
filled with 100mg of hydroxamate resin.  Insoluble 
black material is visible on top of resin after use.   
 
 
Radionuclidic purities were evaluated by 
gamma spectroscopy using a Canberra 9% BEGe 
2020 detector coupled to a LYNX 32k MCA and 
Genie 2000 software. 
 
Results and Conclusion 
When used in conjunction with our custom tar-
get foil holder, the Pinctada Metal dissolution 
and purification module provide a fully auto-
mated procedure for dissolution of the irradiat-
ed 89Y target and subsequent purification and 
recovery of 89Zr.  Figure 5 shows the step-by-
step radioactive trend of the hydroxamate col-
umns output including: loading of the dissolved 
Zr-89 
N.C. 
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foil solution onto the hydroxamate resin (A), 
acidic and aqueous washing of the resin (B & C) 
and recovery of the 89Zr (D). 
 
 
 
 
FIGURE 5. Radioactive trend of the hydroxamate col-
umns output.  A: Loading dissolved foil (in 2mL 6M 
HCl + 5mL H2O) onto hydroxamate resin, B: Washing 
resin with 10mL 2M HCl, C: Washing resin with 10mL 
H2O, D: Elution of 
89Zr with 1.0M oxalic acid in approx 
1.5mL final volume. 
 
 
Table 1 lists the results of the 89Zr produc-
tions to date.  In these preliminary productions, 
an average purified 89Zr yield of 12.7MBq 
(0.34mCi)/μAh for a 0.127mm thick Y-foil and 
22.6MBq (0.61mCi)/μAh for a 0.250mm thick 
foils was achieved at 14.9MeV.  Gamma spec-
troscopy of the samples irradiated at 14.9MeV 
(fig. 6) shows low level co-production of the 
radionuclidic impurity 88Zr (t½ = 83.4d) at 
393keV, resulting from the (p,2n) reaction on 
89Y. To help reduce the co-production of this 
long lived impurity, a lower energy beam (using 
an 800μm Al foil degrader as opposed to a 
500μm Al foil) was selected for the last produc-
tion. By lowering the beam energy from 
14.9MeV to 13.0MeV, we were able to eliminate 
the co-production of 88Zr (393keV) as is evident 
in the gamma spectra of the purified 89Zr prod-
ucts shown in figure 7.  The average purified 89Zr 
yield produced at 13.0MeV for 0.250mm thick 
foils was 15.9MBq (0.43 mCi)/μAh. 
 
 
 
TABLE 1. 89Zr production results. 
 
 
FIGURE 6. Spectra of the γ-ray emissions from a puri-
fied sample of 89Zr irradiated at 14.9MeV and record-
ed 2hrs after E.O.B..  A co-produced long lived impuri-
ty 88Zr peak is visible at 393keV. 
 
 
 
FIGURE 7. Spectra of the γ-ray emissions from a puri-
fied sample of 89Zr irradiated at 13.0MeV and record-
ed 14hrs after E.O.B.. No co-production of 88Zr 
(393keV) can be observed. 
 
 
Doubling the foil thickness (using either 2 x 
0.127mm thick foils or 1 x 0.250mm thick foil) 
results in approximately double the production 
yield, and lowering the beam energy from 
14.9MeV to 13.0MeV eliminates the co-
production of the long lived impurity 88Zr but it 
also reduces the production yield by ~30%. 
In these preliminary experiments, no physical 
deformation of the Y-foil or the Pt target hold-
er/Pt containment ring was observed at 20-30μA 
beam currents, but there was a slight discolora-
tion of the Y-foil at the higher range of the beam 
energies tested due to a beam hot spot. Higher 
beam currents (>30μA) are under investigation.   
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Introduction 
In the past several years there has been a grow-
ing interest in the development of radiopharma-
ceuticals labeled with metallic radionuclides (1). 
Of particular interest is the positron emitter 64Cu 
(t½ = 12.7 h) for molecular imaging of small mol-
ecules as well as peptides and antibodies (2).  
This has led us to the recent implementation 
of a solid target production facility using com-
mercially available target irradiation station and 
chemistry modules. Using the 64Ni(p,n)64Cu nu-
clear reaction, routine production of 64Cu was 
achieved with an average E.O.B. yield of 58.8 
MBq (1.59 mCi)/µAh at 13.0MeV, however puri-
fication of 64Cu has proven to be problematic; 
with several metallic contaminants compromis-
ing subsequent radiolabeling.   
We report in this work, the step by step pro-
cedure which led us to the successful production 
of low metal contaminant 64Cu with high specific 
activity and high labeling efficiency.  
 
Material and Methods 
Detailed implementation of our solid target 
was reported earlier (3).  A Nirta Solid Target 
from IBA was coupled to our 18/9 cyclotron 
using a 2-meter external beam line. Typical irra-
diation parameters were 13.0MeV and 14.9MeV 
at 35 µA for 4-6 hours with 64Ni platings ranging 
from 10-60 μm thickness and 6-12 mm∅.  A 
pneumatic solid target transfer system (STTS) 
designed by TEMA was use to deliver the irradi-
ated target disks to a dedicated hotcell.  Two 
separate modules developed by IBA (Pinctada 
metal) were used for 1) electroplating 64Ni onto 
a Ag disk and 2) acid dissolution and purification 
of the irradiated target material (see pictures 1 
and 2). 
1) Electroplating: Highly enriched (>99%) 64Ni 
(100mg) was dissolved in 10mL 12M HCl (Sigma 
TraceSELECT) and refluxed for >8 hours under 
vacuum with gentle heating in a PFA round bot-
tom flask until all 64Ni had dissolved. Ag disks 
were prepared for electroplating by fine sand-
ing, etched in 20% HNO3 for 5min under ultra-
sound to dissolve any traces of oxides and then 
rinsed with D.I. water and acetone. The electro-
plating cell was filled with the 64Ni solution (1-
2mL) and completed to 55mL with NH4OH. Elec-
troplating of 64Ni onto a 1mm thick 24mm diam-
eter Ag disk was carried out at 3.0-5.0mA using a 
chopped saw tooth current for ~24 hours (Pic-
ture 1 A & B). 
 
 
 
 
 
 
PICTURE 1. (A) Pinctada quad electroplating cell 
with controller and (B) Plated Ag disk (24mm∅) 
with 62μm (7mm∅) 64Ni plating 
 
 
2) Dissolution/purification: After irradiation, 
the target disk was left to decay for ~10 hours 
before processing to reduce the amount of co-
produced short lived isotopes. The irradiated 
disk was then loaded into the Pinctada dissolu-
tion module (Picture 2) and the 64Ni plating dis-
solved in recirculation 3mL 12M HCl at 70-80°C 
for 15-20 minutes. 
The dissolved solution was then loaded onto 
an AG 1-X8 anion exchange cartridge and then 
washed with 4mL 6M and 2mL 4M HCl with the 
wash fractions collected separately to enable 
recycling of 64Ni for further productions. 
A 
B 
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 64Cu was eluted from the cartridge with 
0.1M HCl in ∼1.5mL. 
 
 
 
 
PICTURE 2. 2nd Generation IBA Pinctada Metal 
dissolution and purification module inside Tema 
RES hotcell 
 
 
Radionuclidic purities were evaluated by 
gamma spectroscopy with a high purity germa-
nium detector (Canberra BEGe 2020) coupled to 
a multichannel analyzer (LYNX 32k) and the 
spectrum was analyzed using Canberra Genie 
2000 software. In order to determine the specif-
ic activity of the samples, traces of metallic im-
purities were determined by ICP-MS or ICP-AES.  
Labeling efficiency was evaluated by measuring 
the amount of 64Cu uptake per 20 µg of scFv-
MeCOSar cage using thin layer chromatography 
(4). 
 
Results and Conclusion 
Initial 64Cu purifications following the manufac-
turers recommended method show that despite 
64Ni being plated directly on an Ag disk, little Ag 
contamination was observed.  However, high 
levels of Cu, Fe and Zn metal contaminants were 
observed (see Table 1, ID 1).  After several pro-
ductions, visual inspection of the module quickly 
revealed that the copper heater block used for 
heating the back of the Ag target disk may have 
been the cause of our contaminations as it was 
heavily corroded.  Replacing the heater block 
with a PEEK heater block drastically reduced the 
levels of Cu and Fe contaminants. 
Unfortunately, unusually high levels of Zn 
were still observed regardless of the stringent 
conditions and ultrapure reagents used during 
the processing (see Table 1, ID 5).  In our quest 
for answers, ICP-MS analysis of the 64Ni plating 
solution as well as critical stock reagents such as 
Milli-Q water (18 MΩ cm-1) and 30% HCl Trace-
Select Ultra (Sigma) was performed (see Table 1, 
ID 2,3,4).  The results were surprising, with high 
level of Zn found not only in the 64Ni plating 
solution, but as well in the HCl TraceSelect Ultra.  
It has been reported in the literature (5,6) 
that most glass contains contaminating metals, 
including Zn that could leach into solution and 
we hypothesized that the Pinctada’s glass bot-
tles used to store the reagents, especially con-
centrated acidic solutions were the source of Zn 
contamination and all glass bottles were re-
placed by LDPE or PFA types.  Our hypothesis 
was confirmed by subsequent ICP-MS analysis of 
fresh samples of HCl TraceSelect Ultra and the 
64Ni plating solution prepared/stored in plastic 
containers (see Table 1, ID 6,7).  We also con-
firmed by ICP-MS analysis that no contamination 
occurred when performing a non-radioactive 
dissolution/purification sequence on the 
Pinctada module using a blank PTFE target disk 
in conjunction with the change to plastic reagent 
storage bottles (see Table 1, ID 8). 
Initially the purification protocol was modi-
fied as described by Ometakova et al. (7) to help 
reduce the co-elution of Zn contaminants with 
the 64Cu from the AG1-X8 resin.  Unfortunately, 
this change resulted in a significant amount of 
64Cu eluting from the resin during the resin 
washing steps, so that protocol was abandonded 
and the protocol as described by Thieme et al. 
(8) was adopted.  By modifying the AG1-X8 resin 
washing protocol and eluting the 64Cu from the 
column with 0.1M HCl rather than Milli-Q water, 
we were able to further reduce metal contami-
nants especially Zn (see Table 1, ID 9). 
Routine production of 64Cu was achieved 
with an average E.O.B. production yield of 58.8 
MBq (1.59 mCi)/µAh at 13.0 MeV. Typical irradi-
ations at 13.0MeV and 36 µA for 3-4 hours re-
sulted in the average recovery of 3.5 GBq (95 
mCi) of purified 64Cu at E.O.S.. ICP-MS/AES 
shows that during the course of these experi-
ments, the true specific activity of 64Cu increased 
from as low as 0.44 GBq/μmol (12 mCi/μmol) of 
Cu (n=2, Table 1, ID 1) to 24 GBq/μmol (649 
mCi/μmol) of Cu (n=7, Table 1, ID 5) and finally 
to 148 GBq/μmol (4412 mCi/μmol) of Cu (n=3, 
Table 1, ID 9).  In the same time, the effective 
specific activity increased from 1.1 ± 0.74 MBq 
(0.03 ± 0.02 mCi) per 20 μg of
189
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ID Sample Description ICP-MS / ICP-AES Results S.A. Cu  
  Cobalt (mg/L) 
Copper 
(mg/L) 
Iron 
(mg/L) 
Nickel 
(mg/L) 
Silver 
(mg/L) 
Zinc 
(mg/L) 
GBq/μmol 
(mCi/μmol)  
1 Initial Cu-64 productions (avg.; n=2) 0.0215 5.5524 7.8471 0.9322 0.3199 19.3364 0.44 (12) 
2 Stock reagent, 30% HCl TraceSelect Ultra (Sigma), stored in glass bottle 0.0008 0.0135 0.1125 0.0075 0.0203 21.7500 NA 
3 Milli-Q water (18MΩ cm
-1), stored in glass 
bottle 
0.0001 0.0001 0.0050 0.0010 0.0001 0.0060 NA 
4 Ni-64 plating solution, prepared with/stored in glass bottle 0.0100 0.5000 0.5000 11000.0 0.6500 83.0000 NA 
5 Cu-64 productions, replaced target disk heater block (Cu to PEEK) (avg.; n=7) 0.0101 2.3898 0.7159 1.0373 0.1078 40.7143 24 (649) 
6 Stock reagent, 30% HCl TraceSelect Ultra (Sigma), stored in LDPE/PFA bottle 0.0008 0.0008 0.0375 0.0075 0.0458 0.0075 NA 
7 Ni-64 plating solution, prepared with/stored in LDPE/PFA containers 0.0060 0.0180 0.3000 3.1800 0.4920 0.0600 NA 
8 Pinctada module non-radioactive contamina-tion test with blank PTFE target disk 0.0009 0.0891 0.2182 0.0182 0.0173 0.0909 NA 
9 
Cu-64 productions, LDPE/PFA reagent stor-
age bottles, revised purification protocol 
(avg.; n=3) 
0.0150 0.5450 0.8000 0.1500 2.3300 1.0000 148 (4412) 
TABLE 1. ICP-MS metal analysis and corresponding specific activity of Cu 
scFv-MeCOSar64Cu before optimization, to 3.7 ± 
0.3 MBq (0.1 ± 0.01 mCi) per 20 µg of scFv-
MeCOSar64Cu after optimalization of the proce-
dures. 
In conclusion, a significant reduction in Cu, 
Fe and Zn contaminants was achieved when 
processing 64Cu using the Pinctada module: i) 
after replacement of the Cu heater block; ii) 
after elimination of glass reagent storage con-
tainers from the Pinctada module and proce-
dures during preparation of the 64Ni plating 
solution and iii) after implementation of a new 
purification protocol (8).  Introduction of a 6M 
HCl wash-up cycle of the module prior to the 
dissolution procedure was also effective.  How-
ever in recent 64Cu productions slightly elevated 
Ag levels have been observed and are under 
investigation (see Table 1, ID 9).  
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Introduction 
The effective specific activity of a radioisotope is 
an indirect and highly useful way to describe a 
radioactive sample’s purity. A high effective 
specific activity combines the concept of an 
isotopically pure product with suitability via 
selectivity of a particular chelating body. The 
primary goals of this work are twofold: 1) To 
determine which metallic impurities have the 
largest impact on the effective specific activity 
for a given chelator, and 2) to form a model 
based on the binding affinities of each metal for 
to calculate a ‘theoretical effective specific activ-
ity’ from broad band trace metal analysis. If 
successful, this information can be used to guide 
the production of high specific activity products 
through the systematic elimination of high-
impact metallic impurities.  
 
Material and Methods 
Phosphor plate thin layer chromatography (TLC) 
was used to measure the effective specific activ-
ity of 64Cu by NOTA and DOTA, and 89Zr by des-
feral (DF). Typical measured effective specific 
activities are 2–5 Ci/μmol for 64Cu and 1–
2 Ci/μmol for 89Zr. 
 
Samples were created containing increasing cod 
competitive burdens (X) of CuCl2, ZnCl2, FeCl2, 
NiCl2, CrCl3, CoCl2, MnCl2, and YCl3. Standard 
concentrations were measured by microwave 
plasma atomic emission spectrometry. 50 pmol 
of NOTA, DOTA, or DF were added following the 
activity aliquots of 64Cu or 89Zr. Labeling efficien-
cies (64Cu-NOTA, 64Cu-DOTA, 89Zr-DF) were 
measured using TLC’s, and were fit by linear 
regression to the form f(X) = b/(1 − AX), where A 
is the chelation affinity (inverse of dissociation 
constant) and X is the molar ratio of  the metallic 
impurity to the amount of chelator. 
 
Results and Conclusion 
Affinity of Zr for DF was assumed to be unity, 
while the affinities of Cu for NOTA and DOTA 
were explicitly measured and were found to be 
0.93 ± 0.13 and 5.2 ± 3.2 respectively.  
 
It was found that Cu had the highest affinity for 
NOTA by a factor of 266, and that Zr had the 
highest affinity for DF by a factor of 40.  
 
• In order of decreasing affinity to NOTA: 
Cu, Zn, Fe, Co, Cr, Y, and Ni. 
•  In order of decreasing affinity to DOTA: 
Cu, Y, Zn, Co, Ni, Cr, and Fe.  
• In order of decreasing affinity to DF:  
Zr, Y, Cu, Zn, Ni, Fe, Co, Cr.  
 
These results suggest that aside from the carrier 
element it is most important to remove zinc 
from 64Cu products prior to chelation with NOTA 
and yttrium from 64Cu and 89Zr products prior to 
chelation with DOTA and DF, respectively. 
Therefore, it is logical to believe that 89Zr effec-
tive specific activities could be greatly improved 
by secondary separations with the goal of re-
moving additional yttrium target material. 
 
Chelation affinities of NOTA, DOTA, and DF for 
several common metals have successfully been 
investigated. These values will guide our future 
attempts to provide high effective specific activi-
ty 64Cu and 89Zr. Furthermore, a preliminary 
model has been formed to calculate effective 
specific activity from the quantitative broad 
band analysis of trace metals. Future work will 
include chelator affinity measurements for other 
likely contaminants, such as scandium, titanium, 
zirconium, molybdenum, niobium, gold, gallium, 
and germanium. Details will be presented.  
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TABLE 1. Measured dissociation constants of common metals for NOTA, DOTA, and DF 
Metal  
Measured Dissociation Constants 
NOTA DOTA DF 
Copper 
Zinc 
 1.06 ± 0.15 
266 ± 13 
5.22 ± 3.15 
152 ± 31 
125 ± 107 
16076 ± 8132 
Iron 
Nickel 
Cobalt 
Chromium 
 715 ± 187 
24237 ± 4128 
1056 ± 373 
1326 ± 189 
1.42E6 ± 5.84E7 
2789 ± 967 
476 ± 203 
11660 ± 3475 
76552 ± 16700 
13477 ± 897 
88489 ± 181802 
2.11E12 ± 9.26E19 
Yttrium  4257 ± 1031 30 ± 22 40 ± 15 
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Introduction 
76Br is of interest for in vivo PET imaging applica-
tions. Its relatively long half-life (16.1 h) allows 
use not only on small molecules but also pro-
teins which have slow excretion as carrier mole-
cules. Irradiation using a low energy proton 
beam (~ 20 MeV) on an enriched Cu2
76Se target, 
followed by dry distillation with thermal chro-
matography, is one of the best methods to ob-
tain sufficient amounts of 76Br for clinical appli-
cations1,2. However, the thermal chromatog-
raphy is plagued by poor reproducibility and 
appears unsuitable for automation of its produc-
tion, leading us to remove the thermal chroma-
tography from the dry distillation. In this investi-
gation we employed H2O solution to collect 
76Br 
and optimized the distillation condition using a 
small amount of 77Br (57.0 h). We also produced 
large amount of 76Br under the optimized condi-
tions to evaluate the dry distillation method.  
Material and Methods 
Target preparation and dry distillation were 
conducted based on the methods described in 
previous reports1,2. To produce 77Br, Cu2
natSe 
target was irradiated with 20 MeV proton beams 
(5 µA) accelerated by AVF cyclotron in the Japan 
Atomic Energy Agency. The following two sys-
tems were used in the dry distillation optimiza-
tion studies; (1) an initial system was composed 
of two furnaces, a main and an auxiliary furnace. 
Temperature of each furnace was set at 1050 °C 
(main) and 200 °C (auxiliary) respectively; (2) the 
second system was made of one large furnace 
composed of heating and cooling area. Temper-
ature of the heating area was varied from 1050 
to 1120 °C. In both systems PTFE tubing, leading 
to a H2O solution (15 mL), was inserted into the 
apparatus. The irradiated target was heated 
under streaming Ar gas (30 mL/min.). An en-
riched Cu2
76Se target (76Se enrichment: 99.67%) 
was used for 76Br production. Radioactivity was 
measured on a high-purity germanium (HPGe) 
detector coupled to a multichannel analyzer. TLC 
analyses were conducted on Al2O3 plates 
(Merck) using 7:1 acetone:H2O as the eluting 
solvent. 
Results and Conclusion  
Low efficiency (33 %) of 77Br recovery was ob-
served in the initial system. Distribution of radi-
oactivity inside the apparatus showed that 35 % 
was trapped in the PTFE tube and the quartz 
tube. The recovery yield was increased up to 
54 % when the auxiliary furnace was turned off, 
indicating that the temperature gradient inside 
the quartz tube is suitable to carry 77Br effective-
ly to the H2O trap. We initially used a quartz 
boat to place the irradiated target in the furnace, 
but found that using a reusable tungsten backing 
was better (FIG. 1a). However, we found that 
recovery yield was dramatically reduced to 18 %. 
The studies where the temperature was varied 
showed that releasing efficiency was increased 
up to 100 % at the temperature of 1120 °C. 
Good recovery yield (~ 77 %) was achieved after 
optimizing the temperature gradient (FIG. 1b). 
Using the optimized setup, 76Br production runs 
(n = 6) have been conducted, allowing us to 
recover up to 39.8 MBq/µAh (EOB) of 76Br. High 
specific activity (~4400 GBq/µmol) was obtained 
in the final solution. TLC analysis showed that 
chemical form obtained was bromide. We con-
cluded that the dry distillation using H2O trap is 
capable of providing enough high purity 76Br for 
clinical applications. 
 
FIGURE 1. a) Cu2Se target put in a tungsten backing; b) 
Illustration of optimized dry-distillation apparatus and 
distribution of radioactivity 
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Introduction 
Radioisotopes of bromine are of special interest 
for nuclear medical applications. The positron 
emitting isotopes 75Br (T½ = 1.6 h; β
+ = 75.5 %) 
and 76Br (T½ = 16.2 h; β
+ = 57 %) have suitable 
decay properties for molecular imaging with 
PET, while the Auger electron emitters 77Br (T½ 
= 57.0 h) and 80mBr (T½ = 4.4 h) as well as the β
−-
emitter 82Br (T½ = 35.3 h) are useful for internal 
radiotherapy. 77Br is additionally suited for 
SPECT. The isotopes 75Br, 76Br and 77Br are usual-
ly produced at a cyclotron either by 3He and α-
particle induced reactions on natural arsenic or 
by proton and deuteron induced reactions on 
enriched selenium isotopes [1]. As target mate-
rials for the latter two reactions, earlier ele-
mental selenium [2] and selenides of Cu, Ag, Mn, 
Mo, Cr, Ti, Pb and Sn were investigated [cf. 3–7].  
 
Besides several wet chemical separation tech-
niques the dry distillation of bromine from the 
irradiated targets was investigated, too [cf. 2, 4, 
5]. However, the method needs further devel-
opment. 
 
Nickel selenide was investigated as a promising 
target to withstand high beam currents, and the 
dry distillation technique for the isolation of 
n.c.a. radiobromine from the target was opti-
mized. 
 
Material and Methods  
Crystalline Nickel-(II) selenide (0.3–0.5 g) was 
melted into a 0.5 mm deep cavity of a 1 mm 
thick Ni plate covered with a Ni grid. NiSe has a 
melting point of 959 °C. For development of 
targeting and the chemical separation, natural 
target material was used. Irradiations of NiSe 
were usually performed with protons of 17 MeV 
using a slanting water cooled target holder at 
the cyclotron BC1710 [8]. For radiochemical 
studies a beam current of 3 µA and a beam time 
of about 1 h were appropriate.  
 
To separate the produced no-carrier-added 
(n.c.a.) radiobromine from the target material a 
dry distillation method was chosen. The appa-
ratus was developed on the basis of a dry distil-
lation method for iodine [cf. 9,10] and optimized 
to obtain the bromine as n.c.a. [*Br]bromide in a 
small volume of sodium hydroxide solution.  
 
Changing different components of the appa-
ratus, the dead volume could be minimized and 
an almost constant argon flow as carrier medi-
um was realized. Various capillaries of platinum, 
stainless steel and quartz glass with different 
diameters and lengths were tested to trap the 
radiobromine. 
 
Results and Conclusion  
Nickel selenide proved successful as target ma-
terial for the production of radiobromine by 
proton irradiation with 17 MeV protons. The 
target was tested so far only at beam currents 
up to 10 µA, but further investigations are ongo-
ing.  
 
The optimized dry distillation procedure allows 
trapping of 80–90 % of the produced radiobro-
mine in a capillary. For this purpose quartz glass 
capillaries proved to be most suitable. After 
rinsing the capillary with 0.1 M NaOH solution 
the activity can be nearly completely obtained in 
less than 100 µL solution as [*Br]bromide im-
mediately useable for radiosynthesis. So, the 
overall separation yield was estimated to 81 ± 5 
%. 
 
The radionuclidic composition and activity of the 
separated radiobromide was measured by γ-ray 
spectrometry. Due to the use of natural seleni-
um the determination of the isotopic purity was 
not meaningful, but it could be shown that the 
radiobromine was free from other radioisotopes 
co-produced in the target material and the back-
ing. The radiochemical purity as well as the spe-
cific activity were determined by radio ionchro-
matography. 
 
Further experiments using NiSe produced from 
nickel and enriched selenium are to be per-
formed. The isotopic purity of the produced 
respective radiobromide, the production yield at 
high beam currents and the reusability of the 
target material have to be studied. 
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Introduction 
Rhenium-186 (t1/2 = 3.72 d) is very attractive for 
use as a theranostic agent in targeted radionu-
clide therapy (Eβ max = 1.072 MeV (> 76.6 %); Eγ = 
137.2 keV)1. Previously published investigations 
of high specific activity 186Re production have 
utilized the 186W(p,n)186Re or 186W(d,2n)186Re 
reactions2-5. Our group is interested in the re-
finement and scale-up of the production of high 
specific activity 186Re by cyclotron irradiations of 
186W with deuterons; including investigations of 
the most suitable target material. WO3 has been 
successfully used as a target material in proton 
irradiations by two other groups4,5. Further, the 
physical properties of WO3, such as the reported 
monoclinic with Pc space group, body centered 
cubic crystal structure6 and melting point of 
1473 °C, made for an attractive target material 
as sintered and other more structurally robust 
pressed pellet target preparations could be 
explored. Thus, this study reports on the charac-
terization and suitability of WO3 as a full-
thickness target material for the deuteron pro-
duction of 186Re.  
Materials and Methods 
Assessments of WO3 for target material suitabil-
ity and structural integrity were made on thick 
targets (~1 g) prepared using both commercially 
available and converted WO3 by either uniaxially 
pressing (13.8 MPa) of powdered WO3 into an 
aluminum target support or by placing sintered 
WO3 pellets (1105 °C for 12 hours) into an alu-
minum target support.  
In some experiments, WO3 pellets were pre-
pared by dissolution of Wmetal with H2O2, then 
treatment with 1.5 M HCl. The recovered hy-
drated WO3 was calcinated at 800 
°C for 4 hours, 
allowed to cool to ambient temperature, pulver-
ized with a mortar and pestle, uniaxially pressed 
at 13.8 MPa into pellets with a 13 mm die, and 
subsequently sintered in a tube furnace under 
flowing Ar at 1105 °C for 3, 6, and 12 hours. 
Material characterization and product composi-
tion analyses were conducted with SEM, EDS, 
XRD, Raman spectroscopy, and visible photolu-
minescence spectroscopy. 
Thick WO3 targets were irradiated for 10 min at 
10 µA with nominal extracted deuteron energies 
of 17 MeV. Gamma-ray spectroscopy was per-
formed to assess production yields and radionu-
clidic byproducts at least 24 hours post EOB.  
Results 
While the color of the commercially available 
WO3 is slightly different (dull, pale green) than 
the brighter more yellow color of the chemically 
processed WO3, X-ray diffraction spectrometry 
(XRD) indicated the two samples were virtually 
identical (FIG. 1). 
 
 
FIGURE 1. (Left panel) Differences in color and appear-
ance of powdered WO3 (left sample) obtained by H2O2 
oxidation of W metal and removal of salt (ammonium 
carbonate) and water by calcination and (right sam-
ple) from a commercial source. (Right panel) X-ray 
diffraction spectrometry comparison of (top) material 
that was chemically processed as previously indicated 
vs. (bottom) commercially available, natural abun-
dance, WO3. Note the difference in peaks at 28.4 ° is 
an artifact caused by the silicon mounting substrate. 
 
Attempts to determine how the duration of the 
sintering process (at 1105 °C) affects the chemi-
cal/physical nature of the pellet yielded surpris-
ing results. In contrast to the characteristic an-
nealed appearance of sintered material, grains 
of the WO3 sample appeared more densely 
packed, but not sintered to one another as had 
been seen during higher temperature (1550 °C) 
reductions of WO3 irrespective of the time inter-
val used.  
Full-thickness pressed or sintered pellets of WO3 
were found to disintegrate upon irradiation with 
the deuteron beam, allowing for the direct irra-
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diation of the aluminum target body producing 
24Na as a contaminant. Upon retrieval of the 
target support it was observed that the WO3 had 
vaporized, discoloring the surface of the well in 
the target support (FIG. 2) and coating the walls 
of ~61 cm (24 inches) of the terminal portion of 
the beamline, which then required decontami-
nation. 
 
 
FIGURE 2. Target pictures where a 13 mm uniaxially 
pressed WO3 pellet was sintered at 1105°C for 3 
hours. Target is shown both before (left panel) and 
after (right panel) irradiation with 17 MeV deuterons 
at 10 μA for 10 min. The thin ring of material remain-
ing in the ring is caused by the overlap of the donut 
shaped upper portion of our target body assembly. 
 
We believe that these observations are the re-
sult of outgassing oxygen species that subse-
quently reacted with the aluminum target sup-
port. While these findings are in sharp contrast 
with the successful production yields and isola-
tions previously reported by both Shigeta et al. 
and Fassbender et al., we believe that these 
differences are attributable to differences in 
target design (previous studies utilized an en-
closed target with cooling in front of and behind 
the target) necessitated by the configuration of 
our target station. 
 
Conclusions. The physical properties of pow-
dered WO3, including its lower melting point and 
more suitable compressibility than powdered 
Wmetal, seemed to enhance the structural integri-
ty of a WO3 pellet (whether pressed or sintered). 
However, when compared to our recent suc-
cesses with the use of Wmetal based targets, the 
disappointing degradation of our WO3 targets 
when irradiated with the incident deuteron 
beam has led us to believe that Wmetal is the 
more viable target material for 186Re production 
in our facility.  
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Introduction 
Gold nanoparticles (AuNPs) have demonstrated 
their incredible versatility in applications such as 
in vitro and in vivo imaging, cancer therapy, and 
drug delivery.[1-3] These AuNPs come in many 
shapes including nanospheres, nanorods, 
nanoshells, and nanocages. Their versatility 
stems from the ability to construct or label a 
single AuNP with many functions. Many types of 
AuNPs are inherently flourescent, allowing for ex 
vivo utilization as well as small animal fluores-
cence imaging.[4] High atomic number and physi-
cal density allow for the possibility of using 
AuNPs as computed tomography (CT) contrast 
agents, especially in dual energy applications.[5] 
 
Some attempts have been made to bring AuNPs 
into the realm of nuclear medicine, mostly in-
volving the extrinsic labeling of chelated radio-
metals. Although these strategies have brought 
some success, an intrinsic labeling strategy could 
reduce concerns of in vivo instability, and 
changes in pharmacokinetic behavior.[6] Intrinsic 
radiolabeling strategies involve synthesizing the 
nanoparticles in the presence of a gold radioiso-
tope, which is thereby structurally incorporated. 
The isotope of choice for this technique has 
typically been 198Au (t½ = 2.7 d, Eγ = 411.8 keV) as 
it is reactor produced and commercially availa-
ble. However with such a high energy gamma 
ray, SPECT aquisition is far from optimal.  
 
Motivated by the shortcomings of previous in-
trinsic labeling techniques, we have sought to 
develop 194Au (t½ = 1.48 d, β
+ = 1.73 %) as a po-
tential PET isotope for labeling AuNPs. Although 
this nuclide has a weak positron branching ratio, 
it also has prominent gamma ray energies of 328 
and 294 keV which are closer to the optimal 
SPECT energy window, allowing for the ability to 
image with both PET and SPECT. 
 
Material and Methods 
194Au was produced by natPt(p,x) using 16 MeV 
protons. Target construction consisted of a wa-
ter jet cooled platinum disc.  
 
Following irradiation, targets were etched by 
fresh concentrated aqua regia at 80 °C for four 
hours. The resulting solution was diluted by a 
factor of four and loaded onto a 50 mg UTEVA 
(Eichrom extraction resin) column equilibrated 
by 1 M HNO3. The column was rinsed with 10 mL 
1 M HNO3, and the product was eluted using 
concentrated HNO3 in less than 1 mL.  
 
Results and Conclusion 
End of bombardment (EOB) yield for 194Au was 
measured to be 0.134 mCi/μAh by high purity 
germanium analysis. The half life was measured 
to be 38.5 ± 2.8 hours, which agrees well with 
the true half life of 37.92 hours. In addition to 
the production of 194Au, the production of 190–
193Au and 196Au was observed. Most notably, the 
EOB yield for 193Au (t½ = 17.7 h) was 0.189 
mCi/μAh.  
 
Target dissolution was slow and incomplete 
after four hours of etching. Alternative dissolu-
tion strategies i.e. electrolytic dissolution may 
be needed moving forward. The separation of 
194Au from bulk Pt via the UTEVA extraction resin 
was robust and efficient, with an average sepa-
ration efficiency of 96 %. An extensive literature 
review revealed no other Au/Pt separation from 
solutions containing aqua regia. Future goals 
include synthesis of ultrasmall 194Au incorpo-
rated AuNPs using a facile thermal reduction 
method.PET, CT and fluorescence imaging will 
also be carried out in vivo to establish the mul-
timodal capabilities of the intrinsically radio-
labeled nanoplatforms. 
 
To conclude, a novel separation technique has 
been developed to separate 194Au from Pt for 
use in intrinsically radiolabeled multi-modal 
AuNPs.  
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Introduction  
The Los Alamos Isotope Production Program 
commonly irradiates target stacks consisting of 
high, medium and low-energy targets in the  
“A-”, “B-”, and “C-slots”, respectively, with a 
100MeV proton beam. The Program has recently 
considered the production of 57Co (t1/2 = 271.74 
d, 100% EC) from 58Ni using the low-energy posi-
tion of the Isotope Production Facility, down-
stream of two RbCl salt targets. Initial MCNPX/ 
CINDER’90 studies predicted 57Co radioisotopic 
purities >90% depending on time allotted for 
decay. But these studies do not account for 
broadening of the proton beam’s energy distri-
bution caused by density changes in molten, 
potentially boiling RbCl targets upstream of the 
58Ni (see e.g., [1]). During a typical production 
with 230 µA average proton intensity, the RbCl 
targets’ temperature is expected to produce 
beam energy changes of several MeV and com-
mensurate effects on the yield and purity of any 
radioisotope irradiated in the low-energy posi-
tion of the target stack. An experiment was 
designed to investigate both the potential for 
57Co’s large-scale production and the 2-dimen-
sional proton beam energy distribution. 
 
Material and Methods 
Two aluminum targets holders were fabricated 
to each contain 31 58Ni discs (99.48%, Isoflex, 
CA), 4.76 mm (Φ) x 0.127 mm (thickness). Each 
foil was indexed with a unique cut pattern by 
EDM with a 0.254 mm brass wire to allow their 
position in the target to be tracked through hot 
cell disassembly and assay (see FIG. 1). Brass 
residue from EDM was removed with HNO3/HCl 
solution. The holders’ front windows were 2.87 
and 1.37 mm thick, corresponding to predicted 
average incident energies of 17.9 and 24.8 MeV 
on the Ni [2].  
 
Each target was irradiated with protons for 1 h 
with an average beam current of 218 ± 3 µA to 
ensure an upstream RbCl target temperature 
and density that would mimic routine produc-
tion. Following irradiation, targets were disas-
sembled and each disc was assayed by HPGe γ-
spectroscopy. Residuals 56Co (t1/2 = 77.2 d, 100% 
EC) and 57Co have inversely varying measured 
nuclear formation cross sections between ap-
proximately 15 and 40 MeV. 
 
FIGURE 1. EDM-indexed 58Ni foils in Al target 
 
The ratio of their measured yields in an individu-
al 58Ni disc thus provides an estimate of the 
energy in the foil; this technique can be used to 
create a 2-dimensional map of the proton 
beam’s energy distribution, assuming “thin” 58Ni 
foils at each position. 
 
Results and Conclusion  
Distributions of 56,57,58,60Co were tracked as de-
scribed in both irradiated targets (see e.g. FIG. 
2).  
 
FIGURE 2. Contour plot showing activities of 57Co pro-
duced in the 2.87 mm window target. Contours are 
connected by fitting a 2D cubic spline function, and 
activities reported are corrected to the end of bom-
bardment (EoB).  
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The distribution of activities matched expecta-
tions, with radioisotopes produced by proton 
interactions with the 58Ni target (56Co and 57Co) 
concentrated in the area struck by IPF’s ras-
tered, annulus-shaped proton beam, and the 
distribution of radioisotopes produced by neu-
tron-induced reactions (58Co and 60Co) relatively 
uniform across all irradiated foils. The potential 
range of such temperature variations predicted 
by thermal modeling (approx. ± 200 °C) corre-
sponds to a density variation of nearly 0.2 
g.cm−3, and a change in the average energy of 
protons incident on the low-energy “C-slot” of 
approximately 5 MeV, well-matched to the indi-
rectly measured energy variation plotted in 
FIG. 3. No energy distribution in the plane per-
pendicular to the beam axis has previously been 
assumed in the design of IPF targets.  
 
 
FIGURE 3. Contour plot of the calculated effective 
energy distribution (projections assuming “thin” 58Ni 
targets) in IPF low energy “C-slot”, behind two RbCl 
salt targets in the “A-“ and “B-slots”, at 230 µA proton 
current. 
 
The effective incident energy measured by yields 
of 57Co and 56Co is, however, almost 5 MeV 
higher than those predicted using Anderson and 
Ziegler’s well-known formalism [2]. This discrep-
ancy is supported by previous reports [3] and 
likely exacerbated compared to these reports by 
the large magnitude of energy degradation 
(from 100 MeV down to 30 MeV) in the IPF tar-
get stack. For more detailed discussion, refer to 
Marus et al.’s abstract, also reported at this 
meeting. While the experiments reported do 
confirm the potential for many Ci-scale yields of 
57Co from months-long irradiations at the IPF, 
the level radioisotopic impurities 56Co and 58Co 
are concerning. Commercial radioisotope pro-
ducers using U-150 (23 MeV) and RIC-14 (14 
MeV) cyclotrons in Obninsk, Russia specify 
56/58Co activities at levels <0.2% of available 57Co 
[4]. These low energy productions avoid second-
ary-neutron initiated reactions that produce 
58Co. With optimized energies and minimal 58Ni 
target mass exposed to IPF’s significant second-
ary neutron flux [5], comparable impurity levels 
would be achievable at IPF with several hundred 
days’ decay, at the expense of many curies of 
57Co (FIG. 4).  
 
 
FIGURE 4. Predicted yields of 57Co (red) and ratios to 
principle radioisotopic impurities 56Co and 58Co (black) 
in a target irradiated for 1 month at IPF.  
 
Measured beam energy distributions are antici-
pated to have a significant effect on future de-
signs for IPF target stacks, which utilize molten 
materials in the upstream slots.  
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Introduction 
Since 2005, we produce, at academic scale in 
Orleans, 211At for needs of chemistry and physi-
cians teams of Nantes in research project of 
alpha immunotherapy. Between 2005 and 2014, 
several modifications were been made on prep-
aration of target, targetry and radiation to pro-
tect personnel. 
 
Material and Methods 
The first target was a molten Bi metal onto a Cu 
support pre-treated with acid attack. The wished 
thickness (up to 100 µm) was obtained by me-
chanical treatment of target. The target is irradi-
ated at 32MeV alpha particle beam for around 2 
hours and then delivered by road transport to 
users. Only a measure of radiation dose was 
made to evaluate target activity. The second 
target we have used since 2010 is a electrodep-
osition of Bi (thickness of around 30 µm) onto 
AlN backing. We used a beam of 30.5 MeV for 
reaction 207Bi(α,n)211At (2 h with a current inten-
sity of 2µA). Activity has measured with a detec-
tor Ge at 687 keV (γ-branching fraction = 0.26 %) 
before to be delivered. For all targets, beam 
energy on target was around 28.7 Mev in order 
not to produce too much 210At. 
 
Results and Conclusion 
138 productions with the first target were deliv-
ered with an estimated activity of less than 100 
MBq. Difficulties with wet extraction1, low yield 
of radiolabelling (metallic impurities and activa-
tion of copper resulting in 66Ga and 67Ga) made 
necessary to change process of extraction. With 
support of AlN, dry extraction was used with 
good yield (75–80 %) and without activation of 
support. Until today, 46 batchs were delivered 
with activity of 44 ± 12 MBq/µAh. Yield activity 
of 211At has been almost doubled compared to 
first target (25MBq/µAh). The dose burden to 
personnel was decreased with modification of 
targetry (outside of blockhouse of cyclotron, in a 
specific line beam to radionuclide production, cf. 
FIG. 1).  
 
 
 
 
 
FIGURE 1. Targetry of Radionuclides production 
(64Cu/211At on left and 11C on right) 
 
In the case of 211At production, energy of reac-
tion is of major impact. With our versatile accel-
erator (range of energy in alpha between 10 and 
50 MeV) and a low thickness of metal, it’s easy 
to reach the right energy. This radionuclide pro-
duction will be continued until ARRONAX, 
Nantes cyclotron, could take over from us for 
bigger activity of 211At. 
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